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EPIGRAPH 
 
“Human subtlety...will never devise an invention more beautiful, more simple or more direct 
than does nature, because in her inventions nothing is lacking, and nothing is superfluous." 
- Leonardo da Vinci, The Notebooks of Leonardo Da Vinci (1970) 
 “We must trust to nothing but facts: These are presented to us by Nature, and cannot deceive. 
We ought, in every instance, to submit our reasoning to the test of experiment, and never to 
search for truth but by the natural road of experiment and observation.” 
- Antoine Lavoisier, Elements of Chemistry (1965) 
“The scientific man does not aim at an immediate result. He does not expect that his advanced 
ideas will be readily taken up. His work is like that of the planter – for the future. His duty is to 
lay the foundation for those who are to come, and point the way. " 
- Nikola Tesla, Modern Mechanix and Inventions (1934) 
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ABSTRACT 
 
Functional coatings can change the surface properties of the substrate, add entirely new surface 
functionalities, or preserve the substrate. They provide solutions to many key engineering problems where 
different functionalities between the surface and the bulk are required. Among them, textured coatings are 
characterized by their surface roughness, film porosity, and surface chemistry. They are useful for 
applications ranging from superhydrophobic surfaces to artificial implants to thermal barrier coatings. 
However, the use and deployment of new coating methods are hampered in real applications due to the lack 
of a comprehensive consideration of the associated issues. In this thesis, two deposition methods were 
studied to solve two critical problems in coating fabrication, respectively. Their preparation procedures 
were designed according to the criteria of simple solutions which are inexpensive, reliable, predictable, 
highly performing, “stackable” (i.e., they can be combined and compounded with little increase in 
complexity), and “hackable” (i.e., they can be easily modified and optimized). The first method is to solve 
the demanding problem of the outdoor use of superhydrophobic coatings that must satisfy multiple demands 
(scalability, adhesion to curved surfaces, thermal expansion compatibility, UV radiation, wear tolerance, 
etc.). Most of the methods reported in literature and commercial solutions do not meet all the requirements. 
Our solution is to use silicones (a common type polymer) and their thermal decomposition (a self-
structuring process) by flames (a high throughput tool). The second method is to simplify the fabrication of 
nanocrystalline mesoporous thin film coatings with controlled porosity and surface chemistry, good 
mechanical properties for device integration. Mesoporous thin films built directly from nanocrystals are 
desirable for many applications, but the use of ligand-capped colloidal nanocrystals has been so far 
prevented by the presence of ligands, and the low porosity of the assembly. Our solution is to combine two 
concepts: (i) the increase of porosity in disordered assemblies of anisotropic building blocks with their 
aspect ratios, and (ii) the complete removal of ligands and the surface chemistry tuning provided by plasma 
processing. The performances and mechanisms of the two type of coatings were studied. The simplicity of 
the two solutions was then discussed.  
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CHAPTER 1 GENERAL INTRODUCTION 
Parts of the content are modified from a paper published in Advanced Materials 
Xinchun Tian†, Kara R. Lind†, Bin Yuan﬩, Santosh Shaw†, Oskar Siemianowski†, and Ludovico 
Cademartiri†‡║﬩ 
† Department of Materials Science & Engineering, Iowa State University, Ames, IA, 50011 
‡ Ames Laboratory, US Department of Energy, Iowa State University, Ames, IA, 50011 
║Department of Agronomy, Iowa State University, Ames, IA, 50011 
﬩ Department of Chemical & Biological Engineering, Iowa State University, Ames, IA, 50011 
Introduction 
Classifications of Coatings 
Coatings allow materials to exhibit combinations of various, sometimes conflicting, properties by 
separating surface properties from bulk properties.1 A large number of materials bear coatings for essential 
performance today, for example, the paint coatings applied to wood, metals, and other materials that 
otherwise subject to humidity and acidic corrosion,2 electrostatically painted golf balls that have improved 
durability, softness, and ability to roll “freely”,3 various types of optical coatings on lenses that filter light 
of different wavelength,4 and vapor deposited microcircuit elements with hermetic protections.5 
Coatings can play one or more roles which, can be summarized into four groups: to change or improve 
the properties of the surface, to add new functionality to the substrate, to conserve scarce or expensive 
materials, or to add flexibility to the design and incorporate ecological or economic considerations.1 The 
new or improved surface functions can be adhesion,6 wettability,7 high temperature corrosion resistance,8 
electric conductivity,9 energy conversion,10 friction and wear resistance,11 ultra-hardness,12 
biocompatibility,13 etc. 
One typical example are coatings for engineering components that often require both high hardness and 
toughness. These components experience periodic collisions as well as high torques or pressures that can 
cause failure of the whole system. Such combination of properties can be obtained in a more manageable 
and inexpensive way if using a composite materials with high surface hardness where abrasion damage is 
minimized and a tough core where crack propagation is restrained. Some engineering components, like hot 
stage blades and vanes in a gas turbine,14 also requires corrosion-resistance and strength at high 
temperatures. The solution again is to provide the strength requirement for the bulk and the corrosion 
requirement for the surface.  
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Another notable type of coatings is produced by the interdiffusion of one material into the bulk of the 
substrate materials, so called diffusion coatings. Diffusion coatings are characterized by a concentration 
gradient from the surface (high end) to the interior or multiple layers governed by thermodynamic and 
kinetic processes.1 In this case, there is no sharp interface between the coating and the substrate. The natural 
process of interdiffusion often occurs in the oxidation of metals to form various sub-oxide and oxide layers. 
Similar process has been manipulated to design alloys, such as nickel-aluminum alloys where either Al 
diffuse inward from coating media or Ni diffuse outward from the substrate to form various phases of 
aluminide coatings.15 A special case is ion implantation where the coating material is implanted at a 
relatively shallow depth (a few hundred angstroms) from the surface.  
Another way to classify coatings is based on the form of the coating source – molecule, particulate, or 
bulk.1 Typical examples of atomic-level deposition includes electroplating, ion beam deposition, chemical 
vapor deposition. Particulate deposition includes thermal spraying and screen printing. Bulk coating 
includes painting, dip coating, printing, and spin coating. Since the coating sources are either in vapor phase 
or liquid phase, the coating techniques can also be classified into two categories - vapor phase and liquid 
phase. In this thesis, two types of coating methods will be studied. One belongs to the vapor phase 
deposition where the nanoparticles and their aggregates are formed in the gas phase before deposited on the 
substrate. The other belongs to the liquid phase deposition where the dispersions of nanocrystals are spin-
coated on substrates to form films upon solvent drying.  
Historically, coatings were mostly produced using liquid phase coating methods, i.e., melt produced 
from solid metallic or ceramic materials were transferred to the substrate and then solidified on the 
substrate. The fact that nucleation is performed in bulk (i.e. solidification of a melt) in traditional liquid 
phase coating manufacturing processes created many limitations. The stochastic nature of nucleation in 
these conditions mean that the average number of nuclei can be controlled but not where they will form, 
thereby limiting the extent of control over microstructure. Furthermore, most crystallization processes occur 
at high temperatures that push the material towards an equilibrium microstructure that might not be the 
desired one. Approaches to address these fundamental issues has led to highly complex strategies for the 
synthesis of microstructure-controlled materials and the control over microstructure remains limited.  
Deposition technologies leaned towards vapor phase deposition (CVD, PVD, etc.), for two reasons – (1) 
the properties of the coating materials produced from vapor phase can reach a much wider limits than the 
same coating materials produced from the liquid phase and (2) the deposition conditions from vapor phase 
can be varied so as to produce coating materials with properties either close to equilibrium or far away from 
equilibrium (non-equilibrium). As a result, vapor phase deposition is capable to produce a much greater 
variations in coating microstructures. One example is Atomic Layer Deposition (ALD) where the coating 
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grows by introducing different gaseous precursors alternatively into the reactor and multilayer structures 
far from equilibrium can be produced.16  
With the advent of scalable syntheses of colloidal nanocrystals, it becomes possible to overcome the 
shortcomings of liquid phase coating fabrication and, more importantly, to have high degrees of control 
over the coating microstructure (the grain size, the grain size distribution, the composition, the grain shape, 
the grain arrangement, the composition of the grain boundaries, etc…). Separating nucleation from 
deposition – i.e., creating separate, independent grains with controlled shape, size and then assembling them 
as bricks in a building – can circumvent the fundamental issue of stochastic nucleation. 
Textured Coatings 
To materials scientists, the term texture usually refers to the crystallographic orientation of grains in a 
polycrystalline material. In this thesis, I use a more general definition of texture of a surface which refers 
to characteristics of a surface that differentiate it from a flat, single crystalline surface.17 Therefore, a 
textured coating can be described as smooth or rough, soft or hard, coarse or fine, etc. Roughness and 
porosity are key aspects of surface texture, whereby roughness quantifies deviations of a surface from its 
flat form, whereby porosity quantifies the porous structure within a surface. Though these terms concerns 
only the morphology of the coating, the chemistry of textured coatings is crucial to the property, function, 
and application of the coating as discussed later. The focus of this thesis is on two types of textured coatings 
– superhydrophobic coatings and mesoporous coatings whose textures are characterized at different length 
scales. 
Superhydrophobic coatings 
Superhydrophobicity is a characteristic of a surface whereby the contact angle of a water droplet (3~10 
ul) exceed 150° and the sliding angles is below 10°. Remarkably, a falling droplet cannot wet a 
superhydrophobic surface as it will be repelled away or bounced off from the surface. As droplets roll off, 
they take away the dusts on the surface and clean it. This self-cleaning property is also named as “lotus 
effect” whose leaves show superhydrophobicity. The anti-wetting property of a superhydrophobic surface 
protects it from water accumulation and therefore can prevent corrosion, ice adhesion, biofouling, etc... For 
these properties, superhydrophobic coatings have significant commercial value in self-cleaning windows, 
microfluidic devices for bioanalysis, power plants with enhanced heat exchange rate, membrane distillation, 
and so on. 
Principles of operation 
For most surfaces, superhydrophobicity results from a combination of surface roughness and low surface 
tension, but there are exceptions: for example, high surface energy surfaces (e.g., silica) can be 
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superhydrophobic if shaped in a so-called “doubly reentrant” structure.18 While this work emphasized the 
important role of surface structure, most superhydrophobic surfaces consist of hydrophobic materials.  
 
Figure 1-1. States of a droplet on solid surface. A. Schematic drawings of a static droplet on a flat solid 
surface with contact angle θ and the advancing and receding angles of a droplet at a tilted angle θtilting. The 
liquid-solid interfacial energy is denoted as γls, the solid-vapor interfacial energy by γsv, and the liquid-
vapor interfacial energy γlv. B. Two superhydrophobic states of a droplet on rough surface. Wenzel state 
describes the homogeneous wetting regime, while the Cassie state describes a heterogeneous surface. C. 
The regimes of the two models of superhydrophobicity. The apparent contact angle θ* is given by Wenzel 
model when 90° < θ < θc, where θc is determined by the surface texture. When is larger than θc, θ* is given 
by Cassie state and the air stayed trapped under the droplet. The dotted line indicates the metastable state 
of Cassie state which was usually observed even when θ < θc. ϕs is the fraction of solid in contact with 
liquid. Reproduced with permission19. Copyright 2003, NATURE.  
 
The contact angle on a flat surface is determined by Young’s equation ߛ௦௩ ൌ ߛ௦௟ ൅ ߛ௟௩ cos θ (Eq.1), 
where γls is the liquid-solid interfacial energy, γsv the solid-vapor interfacial energy, and γlv the liquid-vapor 
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interfacial energy (Fig. 1-1A). When θ>80°, the surface is called “hydrophobic” otherwise it is called 
“hydrophilic”. A typical flat solid surface have surface contact angles between 100° and 120°. If the surface 
is rough or microtextured, the contact angle can be as high as 160° to 175°. This increase can be associated 
to a purely geometrical effect which is referred to as Wenzel state. Another hypothesis is related with the 
air pockets trapped in the porous surface, referred to as Cassie state.  
The relationship between Young’s angle and apparent contact angle is summarized in Fig 1-1C. 
According to Wenzel’s model, surface roughness r is defined as the ratio of the actual surface area over the 
apparent surface area of the substrate (so, r >1):	cos θ∗ ൌ ݎ cos θ (Eq. 2). In Cassie’s model, the contact 
angle of a droplet is a weighted average between the value on air (that is, 180°) and on the solid (that is θ), 
the ratio between the two is the fraction of solid surface and can be calculated for simple geometric textures 
such as posts: cos θ∗ ൌ െ1 ൅ ߶௦ሺ1 ൅ ݎ cos θሻ (Eq. 3). 
Most superhydrophobic (SH) surfaces face irreversible transitions from Cassie state to Wenzel state.19 
This is because the Cassie state is only metastable and under certain conditions (e.g., high pressure, water 
condensation) it will relax to the Wenzel state (Fig. 1-1C). In both models, the Young’s contact angle is 
the same as it is determined by a flat surface of the same nature. Eq. 2 should apply to substrates with either 
low surface energy (high θ) or with high roughness (large r). While Eq. 1 only have physical meaning when 
θ is just above 90°. The threshold value θc can be obtained by equating the two expressions and its value is 
between –1 and 0 and air pockets should be favored only if θ is larger than θc. 
Besides its difference in the origin of the mathematical expressions, a more dramatic indication is the 
difference of the hysteresis of the contact angle. Hysteresis of the contact angle is closely related with the 
adhesion properties and can deeply affect the self-cleaning properties of superhydrophobic states. The 
hysteresis of contact angle is characterized by the difference of two angles – advancing and receding angles 
(Fig. 1-1A). The smaller the hysteresis, the smaller that tilting angle at which the droplet will slide off and 
the tilting angle is then defined as the sliding angle. The hysteresis in the Cassie regime is extremely low 
due to the reduced contact area between liquid and solid where pinning happens, while it is large in Wenzel 
regime. 
Mesoporous thin film coatings 
Porous materials are composites of air in solid, where the properties of the composite can be changes 
with the pore volume and the pore structure. For example, porous materials are used for low-k dielectrics, 
ultralow refractive index coatings, impact absorbers, ultralow density structural materials, auxetic 
materials, thermal barriers, or matrixes to host other components and form other composites. 
Based on the pore size (r), porous materials are classified into 3 types: r < 2 nm as microporous materials 
(e.g., zeolite), 2-50 nm as mesoporous materials (e.g., MCM-41), and > 50 nm for macropores (e.g., 
6 
 
 
artificial opals). The intermediate pore size allows mesoporous materials to select access to large molecules 
(e.g., biological and petroleum products) while retaining a large surface areas for interaction with gases and 
liquids (e.g., for facile functionalization of pore surface with organics and selective adsorption). Due to 
their large capacity to store and transport molecules, mesoporous coatings are attractive for a range of 
application that leverage the interactions of two phases at their interface: energy storage, battery electrodes, 
supercapacitors, catalysis, sensor, solar cells and biomedical applications.  
The properties of the porous materials is also determined by pore size distribution, shape (cylindrical 
open, funnel, or ink-bottle), and pore connectivity (cavities, channels, interstices). The relative importance 
of each elements depends on the application.  
Principle of operation 
The adsorption/desorption isotherms of the porous materials show the uptake and release processes as a 
function of relative pressure. They provide a wealth of information about the porous structure but they are 
subtly dependent on the assumptions used to model the data. Porosimetry is conducted by exposing the 
porous materials to a gas or vapor, while measuring the changes in the physical properties of materials 
(weight, refractive index, electron density, etc.) as a function of the gas’s partial pressure. The changes in 
properties are then correlated to the amount of gas adsorbed. Using Barrett-Joyner-Halenda (BJH) model 
in which Brunauer-Emmett-Teller (BET) theory was used to account for the multilayer condensation of 
adsorbed gas molecules and Kelvin equation to account for capillary condensation, the specific surface area 
and pore connection can be derived on the basis of the shape of the isotherms. The mathematical expression 
of BET theory is ௉௏ሺ௉బି௉ሻ ൌ
ଵ
஼௏೘ ൅
஼ିଵ
஼௏೘ ∙
௉
௉బ   (Eq.4), where P and P0 are the equilibrium and saturation 
pressures of the adsorbate, V and Vm is the adsorbed total and monolayer gas volume, and C is the BET 
constant. And the mathematical expression of Kelvin equation is ln ቀ ௉௉బቁ ൌ െ
ଶఙ௏೘
௥ோ்  (Eq.5), where P and P0 
have the same meaning as in Eq. 4, σ is the liquid surface tension, Vm is the molar volume of the liquid, r 
is the radius of the droplet, and T is the temperature. Furthermore, if the pores bear a spherical, cylindrical 
or other regular shape, the pore size distribution can also be obtained from the isotherms. 
The basis for the classification of porous materials on the basis of pore size ranges lies in the 
characteristic adsorption effects manifested in the isotherm (Fig. 1-2A). In microporous materials, the 
interaction potential of molecules to the pore walls is significantly higher than in larger pores owing to their 
proximity, and the amount of adsorbate (at a given relative pressure) is correspondingly increased (a high 
slope at the beginning of the adsorption process). Mesoporous materials are characterized by a hysteresis 
loop which occurs due to capillary condensation. It is related with the pore wall’s (typically) negative 
curvature which causes vapor to condense below the saturation vapor pressure of the pure liquid (c.f. Eq.5). 
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In the macropore range the pores are so large that it is virtually impossible to map out the isotherm in detail 
because the relative pressures are close to unity.  
 Figure 1-2. Characteristics of porous materials determined by pore size distribution. A. Updated 
classification of physisorption isotherms. Type I isotherm is for microporous solids with I(a) narrow pore 
size distribution and I(b) broad pore size range. Type II isotherm is for nonporous or macroporous solids. 
Type III isotherm is for weak adsorbent-adsorbate interactions. Type IV isotherms are for mesopores (a) 
accompanied by hysteresis when the pore width is larger than the adsorbate and (b) when the pores are 
closed at the tapered end. Type V isotherm is for weak adsorbent-adsorbate interactions in microporous and 
mesoprous solids. Type VI isotherm is for layer-by-layer adsorption on highly uniform nonporous surface. 
Reproduced with permission20. Copyright 2015 IUPAC. B. Transport mechanisms through pores. The 
dominate transport mechanism for macropores is bulk (molecular) diffusion and viscous flow if a total 
pressure gradient exists. For mesoporers, Knudsen diffusion becomes important and the flux depends on 
the pore diameter and the inverse square root of molecular weight. Other processes can also occur like 
surface diffusion where molecules move along pore walls and capillary transport. For micropores, activated 
transport mechanism dominates. Reproduced with permission21, Chapter 6. Copyright 2005, Wiley. C. 
Effect of pore diameter on the order of magnitudes for molecular diffusivities and activation energy of 
diffusion. For intracrystalline diffusion, molecules are affected by the force field of the adsorbent surface 
and transport only by activated processes involving jumps between adsorption sites. Reproduced with 
permission22, Chapter 6. Copyright 1995, American Chemistry Society.  
 
Furthermore, different pore sizes show drastically different mass transport behavior (Fig. 1-2B-C). In 
macropores the pore size is larger than typical mean free path length of most fluids and the transport is 
characterized by bulk diffusion with viscous flow. Mesopores have size similar or smaller than the mean 
free path length of molecules. This leads to Knudsen diffusion wherein molecules collide with walls more 
frequently than between themselves as in bulk diffusion. Another dominated process is surface diffusion 
8 
 
 
involved in multilayer adsorption. Micropores have pore size comparable to the molecules, so that transport 
is an activated process. For example, when tightly fitting molecules pass through the micropores of zeolites, 
the molecular diffusivity drops sharply to orders of magnitude lower than that of Knudsen diffusion. This 
has significant effect for catalysis reactions using zeolites where diffusion is the rate-limiting step.  
Fabrication Challenges 
The development of surface engineering and technology have enabled the creation of coatings with 
desired texture and composition in a wide range of choices by processes, such as physical or chemical vapor 
deposition, electrodeposition, thermal spray, interdiffusion, or ion implantation. In particular, deposition 
techniques that coat the substrate with fine nanoparticles from a gas phase (e.g., thermal spray) or a liquid 
phase (e.g., spin-coating of colloidal nanocrystal suspensions) have attracted substantial attention. This 
thesis will focus on two coating applications, namely, superhydrophobic coatings for outdoor use and 
mesoporous thin film coatings for device integration.  
The problem of creating superhydrophobic surface in outdoor environment is demanding23 from a 
scientific and technical standpoint because outdoor use of superhydrophobic coatings must satisfy multiple 
demands simultaneously: (i) scalability; (ii) low cost; (iii) adhesion to flat and curved surfaces; (iv) thermal 
expansion compatibility with different materials (concrete, asphalt, metal, glass, etc.); (v) UV resistance; 
(vi) chemical and thermal stability; (vii) wear tolerance (viii) resilience to contamination by pollutants; and 
(ix) environmental and biological compatibility. Furthermore, long term viability of these surfaces is 
complicated by their irreversible transition from Cassie state (superhydrophobic) to Wenzel state (pinned). 
The overall performance of a mesoporous thin film coating relies on its specific surface area, pore size 
distribution, porosity, pore accessibility, crystallinity, chemical nature of pore walls, film integrity (no 
cracks), mechanical and chemical stability, and, for some materials, hydrolytic resistivity. Though the 
significance of each parameter varies from application to application, the fabrication method will always 
benefit from (i) involving minimal thermal processing which stresses the film due to mismatched thermal 
expansion with the substrate and (ii) avoiding complex chemical treatments which can affect reproducibility 
and scalability.  
Both of these problems share one methodological characteristic. They both arise from complex set of 
requirements associated with their application (e.g., outdoor use of superhydrophobic surfaces) and their 
performance (e.g., crack-free, all-inorganic mesoporous coatings). As a result, most solutions described in 
the literature for these problems only address a subset of these requirements and provide therefore only 
partial solutions, which usually do not attempt to reduce complexity. 
Complexity is one of the major bottlenecks in technology. It prevents rapid technology development, it 
introduces high failure rates, lack of robustness, expensive maintenance, lack of versatility, and high costs.  
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Our goal was to develop the most comprehensive solutions we could devise, which implied that one of 
the key requirements we had to fulfill was simplicity.  
Simple Solutions 
Scientists and engineers want their research to “have an impact” in academia, in technology, and in 
science. Examples from self-assembled monolayers, to metal-organic frameworks, to tissue engineering, to 
block copolymers – captured the imagination of the community, attracted considerable interest, funding 
support, and effort, and led to remarkable feats of ingenuity. In many cases, these developments have led 
or are leading to new or improved technologies and discoveries that have moved us forward. 
These examples share common traits. (i) They are robust enough to be easily reproduced. (ii) They either 
resolve or circumvent a tough problem or provide a necessary or valuable capability in one or more 
important classes of applications (e.g., healthcare, electronics, manufacturing, structural materials, energy, 
and environment). (iii) Their design, performance, structure, robustness, or other important property was 
unexpected. We, and others24, contend that these essential traits are served by simplicity and that, therefore, 
simplicity should be increasingly studied, pursued, promoted, and respected as a research driver in materials 
research just as it is in informatics, logistics, and other disciplines.  
As pointed out by Whitesides the question “what is simplicity?” is difficult to answer usefully because 
it is many questions at once. George Whitesides took the clever approach of narrowing the definition to the 
“simplicity of a solution”, i.e., its simplicity of operation. He then defined simplicity in terms of the 
following virtues of simple solutions: low cost, reliability, predictability, high performance, and 
“stackability”.24 
A solution is simple if all components can be combined (i.e., “stacked”) without increasing the 
complexity of operation, for example, when (i) they predictably interact with each other,24 and/or (ii) they 
do not require external control.25 An example of the role of interactions on stackability is the transistor: its 
revolutionary impact had much to do with its ability to interact predictably with other electrical components 
like itself, which allows it to be stacked into integrated circuits. An example of the role of control and 
information on stackability are living organisms like bacteria, which require virtually no outside control or 
information to operate but interact with each other in complex manners, leading to emergent and yet robust 
behavior.26 “Stackability” allows simple solutions to combine in large numbers and combinations to solve 
extremely complex problems.  
We would include “hackability” in the key qualities of simple solutions listed by Whitesides. Hacking 
and customizing is typically associated with an increase in complexity and, in many cases, it is. Any solution 
is optimized and modified at some stage of its development, whether to improve its performance or change 
its properties. A hackable solution makes that process easy and more powerful. We can define hackability 
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as the ratio between the improvement in capabilities of a solution obtained by optimization and the effort 
required to do it.  
The power of hackability becomes evident when combined with stackability. Solutions obtained from 
the stacking of simple, hackable solutions, will very often remain hackable: hackability is a multiplier of 
the impact of stacked simple solution. For example, self-assembled monolayers can radically change the 
properties of a surface by just changing the head group on a thiolated molecule. This atomic-level 
hackability made SAMs a ubiquitous tool to understand surface science at atmospheric pressure. Metal 
organic frameworks can produce a multitude of structures by minute changes of the chemical structure of 
their components.27 3D printing can print virtually any structure by just editing the file sent to the printer, 
and the fundamental approach of rastering with a printing head is compatible with the printing of polymers, 
metals, etc… 
Examples from the recent literature 
The recent literature offers wonderful examples of solutions to complex problems that rely on simple 
ideas and clever implementation. We emphasize the “strategies to simplicity” that characterize them rather 
than their details.  
Reducing complexity with self-assembly – A universal gripper based on jamming 
In 2010, E. Brown et al. showed a passive universal gripper controlled by a reversible jamming transition 
(Fig. 1-3A).28 The gripper is a rubber bag filled with powder. If excess air is present in the bag, the powder 
is unjammed and can easily deform as a fluid to adapt to the shape of the target. After removing the excess 
air by vacuum, the powder in the gripper jams. Jamming in is the process by which granular systems 
transition from a free flowing (unjammed) state to a rigid (jammed) state within a very small change in 
volume fraction (<1%) due to the formation of percolating networks of particle-particle contacts.29 The 
holding force displayed in the jammed state is attributed to static friction at the contact area, interlocking 
due to geometric constraints, and a suction effect. After the vacuum is removed, the gripper unjams, and 
the item is released.  
Stackability. This solution leverages the stacking of a simple physical process – static friction between 
particles – to achieve two large collective states: (i) flow like a fluid when excess free volume is present, 
and (ii) transition to a solid state when the excess free volume is removed. The first collective property 
enables the gripper to be entirely passive and conform and grip virtually any shape. The second collective 
property enables the gripper to exert a holding force. So, while the gripper is composed of a large number 
of moving parts, they act collectively and only few variables need to be controlled actively, i.e., the position 
and pressure of the bag, thereby making the solution very much simpler than a robotic hand which has a 
much smaller number of moving parts. Low cost. The frugality of this solution is enabled by the fact that 
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jamming is an extremely general phenomenon, commonly observed in extremely inexpensive materials. 
Predictability and reliability. The predictability of the gripper is largely inherited from its basic underlying 
process (static friction) and its reversibility in controlled environmental conditions enabled by an 
impermeable bag. High performance. The performance of the gripper lies in the use of an extremely large 
number of parts (the particles) but avoid active control of a much smaller number of fingers. This example 
shows vividly that complexity is more associated with control (and information flow) than with the number 
of moving parts. Hackability. While jamming is a universal phenomenon, it can be highly manipulated by 
changes in the geometry of the granular material employed.32  
 
 
Figure 1-3. Examples of simple solutions from recent literature. A. Universal gripper taking up a object 
in its jamming state. Reproduced with permission from28. Copyright 2010, National Academy of Science. 
B. LEGO-based millifluidic networks of interconnected habitats for plants. The color indicates the 
concentration of dyes in each unit and they are controlled by dispersion using oscillatory flow. Reproduced 
with permission from30. Copyright 2018, RSC. C. High performance artificial muscle made from 300-μm-
diameter nylon 6,6 monofilament sewing thread before coiling (left), after coiling by twist insertion 
(middle), and after coiling by firstly twist insertion and then coiling it around a mandrel and finally 
thermally annealing (right). Reproduced with permission from 31. Copyright 2014, AAAS. D. Xstat 
sponges for wound packing. Reproduced with permission from RevMedx Inc. Copyright, RevMedx Inc.  
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Designing Solutions for Stackability - Tools for Biologists 
A recent work from our group showed that LEGO® bricks can be hijacked to become remarkably useful 
building blocks for the construction of cm-scale modular biological environments compatible with plants. 
Transparent LEGO bricks are made of polycarbonate which is autoclavable. The modularity of the building 
blocks enables the reconfiguration of biological environments on the fly. Low cost. The low cost of this 
solution lies mostly in the fact that the environments are modular and reusable. Predictability and 
reliability. These two traits again leverage the precision and standardization of mass production and the 
commitment of LEGO to full backward compatibility of each of its bricks. High performance. Because of 
their modularity, LEGO bricks are one of the very few commercially available polycarbonate parts to have 
sharp 90 degree corners with a tolerance of only 5 μm. Stackability and hackability. The stackability of 
LEGO bricks is proverbial and enables the straightforward construction of fairly complex environments 
with programmed heterogeneities. Because of their standardized construction and polymeric composition, 
LEGO bricks are relatively easy to hack. It allows to create waterproof and air-tight environments and be 
used to confine individual organisms and connect them together in controlled manners to explore 
organismal interactions (Fig. 1-3B).30  
Stacking small effects to achieve large effects: Artificial muscle fibers from twisted fishing line 
The Baughman group at UT Dallas showed that twisted polymer fibers form coils (Fig. 1-3C) that 
exhibit large stroke actuation upon heating.31 Stackability. The simplicity of this solution lies in taking two 
fundamental physical processes of polymer fibers together (negative thermal expansion coefficient along 
the axis of the fibers and the positive radial thermal expansion coefficient due to the expansion of the 
crystalline regions of the polymer) to lead to an especially vigorous untwisting of twisted fibers and stacking 
them through a geometric transformation (the coiled geometry of the twisted fibers converts the powerful 
torque exerted by the untwisting fiber into a linear actuation). Low cost. The low cost of this solution results 
from leveraging fundamental processes that occur in commonplace materials (e.g., fishing line) and by 
noticing that their stacking (i.e., the coiling of the fibers) could be achieved by self-assembly (i.e., 
spontaneous coiling under torsion). Predictability. The predictability of this solution is demonstrated by the 
low hysteresis of these actuators and small extent of the deformation which makes it close to reversible. 
High performance. By stacking these small reversible processes (the torque on a twisted fibers and its 
dependence on temperature), large effects can be generated (strokes as high as 49%, actuation rates as high 
as 5 Hz, weight-normalized mechanical work comparable to that of a jet engine). Reliability. The 
reversibility of the basic process is demonstrated by remarkably small creep (~2%) experienced after a 
million actuations and the nearly linear response. Hackability. The use of an extremely common and 
hackable building block, i.e., polymer fibers. Fibers can be made of virtually any polymer, thereby 
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potentially combining the physical properties of the entire realm of polymeric materials with the mechanical 
characteristics of these actuators. Furthermore, fiber processing and braiding are established technologies 
which could be further leveraged to hack this solution. 
Increasing function without increasing complexity – Xstat sponges 
RevMedx, an Oregon-based startup, developed a simple portable solution for the treatment of traumatic 
hemorrhage. Small and rapidly-expanding sponges are injected into the wound cavity, rapidly absorbing 
blood (like a sponge), creating hemostatic pressure, and halting further blood flow (Fig. 1-3D). The sponges 
are stored in a pocket-size, syringe-like applicator. Each syringe contains 92 sponges (9.8 x 4.5 mm each) 
that can absorb roughly 300 ml of blood.  
The simplicity of this solution lies in combining three very common phenomena – the liquid uptake by 
porous materials, the expansion during liquid uptake in compressed sponges, and the fluid properties of 
granular systems – in a single material without increasing complexity (e.g., adding components or control 
systems). Low cost. As in the previous examples the generality and robustness of wicking allows the authors 
to use very low cost materials (the sponges were produced from cellulose). Reliability and predictability. 
In this case the large irreversibility of the wicking and swelling of the sponges makes this solution highly 
reliable and predictable. High performance. The simplicity of the approach enables the sponges to seal the 
hemorrhaging wound cavity within 20 seconds and is especially valuable for junctional wounds in the groin 
or axilla where tourniquet is difficult to apply. Hackability. The sponges are based on an easily customizable 
material (cellulose), which enables hacking of their properties. For example, the sponges were coated with 
chitosan (an antimicrobial clotting agent) and contain a radio-opaque marker so they can be located by X-
ray and removed completely. The company is now looking into biodegradable compositions so that the 
sponges can be left behind to resorb.  
Design rules for simple solutions 
 So far we have postulated the importance of simplicity in developing solutions that are impactful, we 
have proposed a practical definition of simplicity as a research driver, and we have reviewed some recent 
work that exemplifies simple solutions and, at the same time, demonstrates some common strategies to 
achieve simplicity. We expect that the value of simplicity as a research driver is only going to increase in 
the coming decade. The increasing difficulty of raising funding for research, the decreasing math literacy 
and technical knowledge of PhD students, the importance of generating valuable, easily translatable IP, and 
the necessity to solve very basic, practical problems for the world’s less wealthy population (e.g., public 
health, water sanitation, food supply, energy, communication), will focus the efforts towards simplicity, 
lower costs, and higher usefulness, and therefore to simple solutions.  
We summarize the criteria for simple solutions as follows: 
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1. Simple solutions are reliable, predictable, robust, and have high performance/cost ratios.  
2. Simple solutions are “stackable”24 and “hackable”. They can be easily combined to increase their 
function while preserving reliability, predictability, robustness, high performance, and low cost. They can 
be easily modified to optimize their operation, change their function, and integrate them with other 
solutions. 
3. Stackability and hackability make simple solutions transformative and unexpected in their potential 
to solve problems. The impact of simple solutions is usually grossly underestimated, while the impact of 
complex solutions is usually grossly overestimated, especially in an academic setting. 
4. Simplicity of a solution is not a function of the number of its components. It is a function of the number 
of components that need to be actively controlled (i.e., the amount of information the solution requires in 
order to work properly) and how predictably these components interact in large numbers. 
5. Simple solutions can be pursued in materials research with various strategies: such as to increase the 
number of components while reducing the amount of controls; to design your solution so that it can be 
compounded with itself and integrated with other existing solutions; to create large effects by stacking small 
effects; to use the entirety of the materials design parameters (shape, size, assembly, etc…) to compound 
properties of different classes of materials in one. 
Scalable Textured Coating Fabrication Approaches 
Superhydrophobic coatings 
Superhydrophobic surfaces have been developed for decades and each of them has their strengths and 
limitations. For large-scale coating applications, there are only few examples that show reasonable adhesion 
and applicability to various types of substrates and some of them are still in development.  
Azimi, et al. reported in 2013 the inherent hydrophobicity of entire lanthanide oxide series (Fig. 1-4A).33 
They attribute the hydrophobicity to the unique electronic structure which inhibits hydrogen bonding with 
interfacial water molecules. Compared with polymer grafted hydrophobic metal oxides, hydrophobic rare 
earth metal oxide can survive in harsh environments without deterioration. The materials can be thermally 
sprayed or turned into colloids as coating at large scales. However, rare earth metals are expensive and its 
use in large-scale is too costly. 
Deng, et. al. reported in 2012 the use of candle soot as template for transparent superhydrophobic coating 
(Fig. 1-4B).34  The deposited candle soot was coated with nanometer thick silica using CVD and removed 
by calcination at 600°C. The surface hydrophobicity was achieved by silanization with perfluorinated 
molecules. Coating the soot with silica and the silanization both require a close environment that makes it 
impractical to scale up.  
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Teisala, et. al. reported in 2010 the continuous deposition of TiO2 nanoparticles on paperboard in 
ambient condition to form “sticky” hydrophobic coatings (CA > 90°, SA ≈ 90°) using Liquid Flame Spray 
at speeds up to 150 m/min (Fig. 1-4C).35 The coating can survive several abrasion tests. Accumulation of 
carbonaceous materials from incomplete combustion of the precursor or ambient environment can turn the 
surface to superhydrophobic surface. While promising for large scale fabrication, the superhydrophobicity 
of the coating is not well-controlled.  
Erbil et. al. reported in 2003 a method to form superhydrophobic coating using a hydrophobic polymer 
- isotactic polypropylene – dissolved in a suitable selection of solvents and dried on substrates at selected 
temperatures (Fig. 1-4D).36 The coating showed a reasonable good adhesion with a peel off force in normal 
direction of 0.13 ± 0.01 N. However, the polymers tend to degrade when in contact with UV, heat, and acid 
which are the main concerns for outdoor application. 
Commercial methods, such as NeverWet® by Rust-Oleum, Hirec by NTT-AT Corp., Lotusan® by STO, 
and others use the spray of nanoparticles mixed with polymers to create superhydrophobic coatings on 
various substrates. But the use of large amount of volatile organic compounds (VOCs) raise environmental 
concerns. 
Last, Wong et. al. demonstrated the fabrication of liquid infused slippery surfaces with self-healing, 
liquids- and ice-repellency, pressure stability and enhanced optical transparency (Fig. 1-4E).37 Though 
employed different principle, it still requires the preparation of a porous surface with hydrophobic surface 
to hold the liquid in situ.  
In summary, state-of-the-art approaches face limitations in their large-scale deployment for outdoor 
superhydrophobic coating fabrication. Therefore, it is necessary to develop simple solutions that are 
inexpensive, eco-friendly and practically scalable for the coating deployment. The fabricated coatings 
should also be thermally, chemically, and mechanically stable. It is also favorable that the coatings can be 
adapted for slippery surface applications.  
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Figure 1-4. Scalable deposition techniques for non-wetting coatings. A. Hydrophobic rare-earth oxide 
ceramic nanoparticles deposited on nanograss-covered silicon cubical microposts by sputtering a thin layer 
of ceria. Scale bar, 10 μm. Reproduced with permission33. Copyright, 2013, Nature. B. Superhydrophobic 
silica coating using candle soot as templates. Reproduced with permission34. Copyright, 2012, Science. C. 
Liquid flame spray roll-to-roll coating procedure and typical parameters. Reproduced with permission35. 
Copyright, 2010 Science. D. Gel-like porous coating formed after drying polypropylene dissolved in p-
xylene on glass slides. Reproduced with permission36. Copyright, 2003 Science. E. Slippery surfaces by 
infusing perfluorinated oil in porous substrate to form non-wetting surface. Reproduced with permission37. 
Copyright, 2011 Nature. 
 
Mesoporous thin film coatings 
Synthesis methods for mesoporous materials with different compositions, pore sizes, and pore 
geometries form a large literature, but only few methods can be directly applied to make coatings. For 
example, plenty of approaches employ sol-gel chemistry which is feasible for large scale synthesis. 
However, the thermal post-processing to remove organic templates and crystallize the inorganic framework 
lead to the cracking of the film coating. Another drawback is the poor crystallinity of pore walls limited by 
the thermal processing temperature. Thin film coating deposition techniques using colloidal nanocrystal 
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dispersions, such as spin coating, layer-by-layer deposition, or drop casting, have shown the advantage of 
preparing mesoporous films with high crystallinity.  
Brezesinski et. al. in 2009 reported the preparation of mesoporous TiO2 films using templated 
nanocrystal assemblies for electrochemical energy storage (Fig. 1-5A).38 Surfactant-free TiO2 nanocrystals 
were first prepared in benzyl alcohol and remain dispersed in ethanol. An organic template - KLE block 
copolymer - was added to the dispersion and then spin-coated or dip-coated on polar substrates. After 
calcination at 600°C, the KLE template was removed and the result is a crack-free film with disordered, 
open mesopores. The pore diameter varies between 17-19 nm or 20-25 nm depending on the template. The 
specific surface area is about 250-300 m2/g. 
Rauda et. al. in 2013 reported the preparation of nanoporous CdSe films using polymer template (Fig. 
1-5B).39 The nanocrystals were originally capped with oleic acid and then stripped off using Meerwein’s 
salt (Et3OBF4). The left nanocrystals were stabilized by negative BF4- ions and dispersed in 
dimethylformamide (DMF). Diblock copolymer poly(butylene oxide)-block-poly(ethylene oxide) was used 
for templating due to its ease of decomposition under non-oxidizing conditions. The resulted films have 
average cage pore diameter of 18 nm and pore neck diameter of 9 nm and 50% porosity. 
Lee et. al. in 2006 reported the fabrication of superhydrophilic thin film coatings using layer-by-layer 
deposition of commercially available TiO2 (positively charged, ~7 nm) and SiO2 nanoparticles (negatively 
charged, ~7 nm or ~22 nm) for antireflection, antifogging and self-cleaning applications (Fig. 1-5C).7 The 
pore size is suggested to be nanopores in the same order of magnitude as the nanoparticle. The porosity 
varies from 44.7% for 6 layers of 7 nm TiO2/22 nm SiO2 to 35.4% for 7 nm TiO2/7 nm SiO2. Calcination at 
550°C for 3 hrs improved the mechanical properties and adhesion. 
Heo et. al. reported in 2017 the preparation of mesoporous electrochromic films on flexible substrates 
using WO2.72 nanorods (Fig. 1-5D).40 Oleylamine ligand-stabilized nanorods dispersed in toluene tends to 
form ordered structure upon solvent drying, while, when the ligands were stripped off and stabilized by 
charge in DMF, they can form random networks and possess mesopores without using any directing agents 
as template. The accessible porosity for toluene increased from 15% when using 30 nm long, 4 nm wide 
WOx nanorods to 58% when using 84 nm long, 5 nm wide WOx nanorods. The average pore radius also 
increased from ~1.3 nm to 2 nm when using nanorods with higher aspect ratio. 
In summary, template-assisted approaches require calcination which subjects the building blocks to 
grain coarsening and the full carbon removal is challenging. Template-free approaches are only limited to 
aqueous phase and ligand-free nanoparticle assemblies. Since ligands are used to control the shape, 
composition, and morphology of the nanocrystals during synthesis and their assembly into complex 
structures, it is desirable to develop simple solutions that can directly turn ligand-capped nanocrystals into 
mesoporous coatings and maintain the whole process heat-free. 
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Figure 1-5. Scalable fabrication techniques for mesoporous thin film coatings using nanocrystals. A. 
Mesoporous TiO2 films prepared by nanocrystal assembly using KLE23 as template: low (left) and high 
(middle) magnification top-view field-emission SEM image and (right) tapping mode AFM image. 
Reproduced with permission 38. Copyright 2009, ACS. B. Hierarchical mesoporous film prepared by spin-
coating of the assembly of ligand-stripped CdSe nanocrystals via polymer templating. Low (left) and high 
(right) magnification top-view SEM images. Reproduced with permission39. Copyright 2013, Wiley. C. 
Nanoporous anti-fogging coating prepared via layer-by-layer deposition of TiO2 and SiO2 nanoparticles in 
aqueous phase. Reproduced with permission 7. Copyright 2006, ACS. D. Mesoporous films made from 
ligand-stripped WO2.72 nanorods with different aspect ratios: left, 7; right 16. Reproduced with 
permission40. Copyright 2017, ACS.  
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Thesis Organization 
The chapters are organized in the following sequence: Chapter Two demonstrates the thermal processing 
of silicone to create superhydrophobic coating and the advantages of the approach and the properties of the 
coatings were also discussed; Chapter Three follows with the discussion of the kinetic study of the flame 
processing of polydimethylsiloxane with emphases on the self-regulating properties of the process; Chapter 
Four demonstrates the fabrication of crack-free mesoporous thin film coatings with controlled porosity and 
surface chemistry; Chapter Five summarizes the simplicity of the two approaches. 
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Abstract 
Structured surfaces can control the interaction of bulk liquids with materials, but their technological 
implementation has been inhibited by scalability, degradation, and environmental issues. Experimental and 
commercial solutions exist for each of these challenges, but an approach that comprehensively resolves all 
major issues is missing. Here, we approached the problem of creating a superhydrophobic surface 
applicable to large outdoor areas from a materials engineering perspective that attempts to address the entire 
set of design requirements (cost, environmental profile, adhesion, etc...). The outcome of this work is a 
solvent-free approach, based on the partial thermal degradation of interdiffused layers of silicones, to form 
healable superhydrophobic coatings that can be processed and regenerated (1.6 mm thick for >20 times) in 
situ at a rate of >1m2 min-1 (much faster than self-healing methods), and strongly adhere to flexible, curved, 
and rough surfaces of diverse compositions. Straightforward and scalable process modifications yield 
superhydrophobic/superhydrophilic patterns and oleophobicity. Wear is used as a complementary texturing 
mechanism to drastically increase the wear resistance of the surfaces by creating a hierarchical texture that 
tolerates foot traffic (>1,000 steps by a 75Kg person). By comparison, a state-of-the-art commercial solution 
(Neverwet®) is shown to be ineffective after 100 steps.  
Introduction 
Active surfaces that have unusual interactions with bulk liquids can control important physical, 
chemical, and biological processes.1 For example, superhydrophobic surfaces – characterized by a contact 
angle (CA) larger than 150° and a sliding angle (SA) lower than 10° for water – are important for many 
23 
 
 
applications (e.g., biofouling,2-3 ice buildup,4-5 clotting,6 water harvesting,7 selective absorption,8-9 drag-
reducing10) that require outdoor use over large areas.11-13  
Currently, the technological implementation of these surfaces has been inhibited by stability issues (e.g., 
UV radiation, acid rain, freeze-thaw cycles, abrasion, contamination with pollutants).14-19 The large scale 
outdoor installations also demand in situ, rapid, and inexpensive deployment, strong adhesion, good thermal 
expansion compatibility with different substrates,20 and environmental and biological compatibility.21-23 In 
addition, the physical and chemical weathering processes challenge the stability of the Cassie state.24-26 
Therefore surfaces should be designed to be tolerant to these stresses, but also to be renewable in situ, 
cheaply, rapidly, and by processes that can be easily scaled and automated. The available methods to 
produce superhydrophobic surfaces in the laboratory are incompatible with these multiple demands.18-19, 27-
31 As it happens in the translation of most new materials to products, experimental (and sometimes 
commercial) solutions exist for each of these challenges. What is missing is an approach that 
comprehensively resolves all major issues.  
In this work we show that engineered silicone coatings become superhydrophobic after sufficient 
exposure to heat. The partial thermal degradation of the silicone by high temperatures (>500ºC, provided 
by a torch) creates porosity at the surface and beneath, and deposits hydrophobic nanostructured silicone 
“soot” on the surface (Fig. 2-1A). The coatings can be generated and regenerated (a 1.6-mm-thick silicone 
coating can be regenerated  more than 20 times) in situ at a rate of >1m2 min-1 with a propane torch (much 
faster than self-healing methods),32-34 and strongly adhere to flexible, curved, and rough surfaces of diverse 
compositions. Straightforward and scalable process modifications yield 
superhydrophobic/superhydrophilic patterns and oleophobicity. The deep surface structuring caused by 
thermal processing creates a surface that remains porous after moderate wear. Subsequent regeneration of 
the surface yields a hierarchical texture that displays drastically increased wear resistance and tolerates foot 
traffic (>1,000 steps by a 75Kg person). By comparison, a state-of-the-art commercial solution (Neverwet®) 
is shown to be ineffective after 100 steps. Similar approaches based on the combustion of a certain kind of 
silicone require hot-pressing35 or microscale patterning36 that are not scalable nor do they provide good 
adhesion to most substrates.  
Other methods have been proposed to make large scale superhydrophobic surfaces, but they suffer from 
other restrictions that limit their practical use.17, 37-43 For example, spray of hydrophobized nanoparticles 
rely heavily on compounds that are very expensive and harmful to the environment (e.g., perfluorinated 
silanes),37 or whose large scale use is restricted by law (e.g., VOCs account for >95 wt% of state-of-the-art 
commercial coating solutions, but their use are limited by environmental protection agencies). Carbon-soot-
based approaches requires calcination and chemical modification steps that render them incompatible with 
large scale deployment.38, 41  
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Results and Discussion 
The exposure of silicone-based sealants (here Silicone II by GE brand) to a premixed (near 
stoichiometric) hydrocarbon flame produces superhydrophobic coatings (CA=156 ± 4°; SA=5.5 ± 1.7°) by 
texturing their surface (Fig. 2-1A-D). Other sources of heat we tested – atmospheric pressure plasmas and 
furnaces – obtain similar results. The throughput of this process (at least 1 m2 min-1 with a burner) appears 
to be limited only by the size and maximum temperature of the heat source.  
These coatings can be easily healed. Upon wear (abrasion with steel wool), the surface loses its texture 
and superhydrophobicity, but is healed simply by reapplying heat to the worn areas (Fig. 2-1A). Healing 
has the same throughput as the initial processing and does not require the delivery of additional materials, 
which would otherwise increase the cost and weight due to the accumulation of unfunctional materials. The 
CA and SA of these healable superhydrophobic coatings (“HSC”) show full recovery of the 
superhydrophobicity (CA=157 ± 4°; SA=5.1 ± 1.8°, Fig. 2-1D).  
These HSCs satisfy many of the demanding requirements for outdoor implementation. Most importantly, 
silicones can be applied without significant amounts of VOCs, they are considered environmentally safe,44 
and their thermal decomposition is thought to have minimal environmental impact and minimal toxicity.45-
46 Silicone sealants are designed to self-cure in 30 min at room temperature, to adhere to most surfaces, and 
to accommodate thermal expansion mismatches experienced by structures exposed to the elements. The 
adhesion of the coating was excellent for all materials we tested (concrete, tar, fiberglass fabric, aluminum, 
glass, cf. Fig. 2-S2) and the expansion and degradation occurring during the thermal processing did not 
cause visible cracking or delamination of the sealant-based HSC from the substrate. Contamination by oils 
with low vapor pressure (e.g., hexadecane) fails the surface (CA=82 ± 4°, SA > 90°) but can be solved by 
flame treating without turning the surface hydrophilic (CA=161 ± 6°, SA=7 ± 1°, Fig. 2-1D). The CA and 
SA returned to the original value after evaporation of volatile oils (e.g., hexane) (Fig. 2-S3). The HSCs are 
also remarkably resilient to physical and chemical stresses. We observed no significant effect on the water 
repellency after exposure to acid (diluted H2SO4 acid (pH 1.4) for 17hrs, CA=157 ± 4°, SA=8 ± 2°), UV 
(4200 mW m-2 for 72hrs, equivalent to 30 days of outdoor exposure, CA=155 ± 2°, SA=7 ± 2°), or heat 
(100°C for 120 hrs, CA=157 ± 4°, SA=7 ± 1°) (Fig. 2-1D). The HSCs effectively removes water before it 
can turn into ice (Fig. 2-1E): ice-cold water poured on a coated Al plate (-20°C) bounced off while it stuck 
and froze on an uncoated Al plate. Dumping 0.5 metric tons of water (impact velocity, 4.43 m s-1) on a 
coated automobile had no impact on the water repellency of the surface (Fig. 2-1F). 
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Figure 2-1. Healable superhydrophobic coatings (HSCs). A. Schematic diagram of the change of surface 
morphology and wetting property of silicone coating on substrate during thermal processing. B-C. Surface 
texture created by the deposition of silicone soot on an HSC. Inset shows a detail of the morphology of 
silicone soot. D. Water droplets on HSC after processing and after several tests (e.g., regeneration, UV 
exposure, acid exposure, oil contamination) indicating the robustness of the surface. E. Two aluminum 
plates (coated with HSC on the left and uncoated on the right) after ice-cold water (dyed red for visibility) 
is sprayed on them. F. Anti-wetting on the surface of a coated car demonstrating scalability. 
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The thermal degradation of silicones includes various processes: the depolymerization of the Si-O 
backbone, the decomposition of the organic side groups, and crosslinking.47-48 Depolymerization is 
accelerated by O2 47 and high temperatures,48 leading to the evaporation, crosslinking, and redeposition of 
oligomers in the form of silicone soot (Fig. 2-S5). The decomposition of the organic side groups is relatively 
slow (silicones are flame retardants)44 and can be easily stopped when the silicone soot is still hydrophobic.  
The superhydrophobicity of the surface will result from the interplay between surface texturing (caused 
by the soot deposition) and surface energy (affected by thermal degradation). Both processes depend on the 
temperature and duration of the processing. Fig. 2-2A shows the CAs of polydimethylsiloxane (PDMS) 
heated in air from 350C to 450C and in N2 at 450C for different times. Between 400C and 450C in air 
the CAs first increased up to 150-160° and then decreased suddenly to 0° (a superhydrophilic state). The 
rates of these changes increased with the processing temperature. By comparison, the CAs of PDMS heated 
in N2 at 450C showed gradual decrease with time (Fig. 2-S4). The initial increase of CA is attributed to 
gradual accumulation of silicone soot (Fig. 2-S6) and the transition to the superhydrophilic state to the 
complete oxidation of the textured surface. The same trend is also observed in the processing of PDMS by 
a flame, i.e., prolonged exposure turned the surfaces superhydrophilic (Fig. 2-2B). Fig. 2-2E-F show the 
soot deposition on PDMS surface after 450°C heating in air for 30min and after flame heating, respectively. 
The surface energy gradually increases during the thermal processing. The CA of superhydrophobic PDMS 
drops to 101 ± 6 after being flattened with a press to reduce surface texturing (Fig. 2-2G), and is ~15 
lower than that of pristine PDMS. By contrast the CA of hydrophilic PDMS increases after flattening 
(CA=39±5) and is close to the CA of amorphous SiO2 (~42).  
X-ray Photoelectron Spectroscopy (XPS) and Solid State Nuclear Magnetic Resonance (SSNMR) 
showed that the transition between the superhydrophobic and the hydrophilic state corresponds to an 
increase in the oxidation state of Si atoms and the disappearance of the methyl groups (Fig. 2-2C-D). The 
binding energy of Si in superhydrophilic PDMS is consistent with the value reported by literature for SiO2 
(103.3-103.7 eV).49 The lower binding energy of Si in superhydrophobic PDMS-based HSC than that in 
superhydrophilic PDMS-based HSC suggests that the Si atoms in the former were not fully oxidized to 
SiO2. Since adventitious carbon is always present on the sample surface, SSNMR can give more reliable 
result of the oxidation states of C atoms than XPS. The measured spectrum of 13C in superhydrophobic 
PDMS-based HSC shows a peak at 0 ppm which is the peak position of C atoms in methyl as showed in 
the spectrum of pristine PDMS. The same peak disappeared in the superhydrophilic PDMS-based HSC 
indicating complete oxidation of the organic side chains of the silicone backbone. 
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Figure 2-2. Processing of PDMS-healable superhydrophobic coatings.A. CAs of PDMS after heat 
treatment at different temperatures in air and N2 (B) CAs of PDMS samples before flame processing, after 
flame processing, and after flattening the superhydrophobic and superhydrophilic product, respectively. C. 
XPS measurements of pristine PDMS, superhydrophobic PDMS-based HSC, and superhydrophilic PDMS-
based HSC shows the gradual increase in the binding energy of Si2p, which indicates the gradual increase 
in the oxidation states of Si atoms in PDMS with the progress of the thermal processing. D. 13C-SSNMR 
of superhydrophobic PDMS-based HSC still shows a peak at 0 ppm (methyl group) while superhydrophilic 
PDMS-based HSC does not, indicating complete decomposition of the organic side chains of the silicone 
backbone. E. SEM image of the PDMS surface after treatment at 450ºC in air for 30 min. F. SEM image 
of the PDMS surface after flame treatment. G. SEM image of the surface of the superhydrophobic PDMS 
after flattening with a press.  
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The sharp transition between superhydrophobic and superhydrophilic state was leveraged to create 
wettability patterns in HSCs by torching an already superhydrophobic HSC through a thermally conductive 
holey mask (Fig. 2-3A): the exposed areas of the silicone turned hydrophilic, while the protected areas 
remained superhydrophobic (Fig. 2-3B). This facile preparation approach of patterned surfaces can be 
useful for droplet manipulation-related applications over large scales.50-51 
 
Figure 2-3. Tuning healable superhydrophobic coatings. A. Diagram of the patterning protocol using a 
metal mesh as a thermal mask whereby the exposed parts fully decompose to silica (superhydrophilic) while 
the protected areas remain superhydrophobic. B. Droplet array obtained on patterned HSC. C. Partial 
transparency of SLIPS-HSC. D. Oil droplets (stained with Fe3O4 nanoparticles) rolling off the SLIPS-HSC.  
 
The partial oxidation of the silicone backbone allows for chemical modifications that enable the 
conversion of HSCs into Slippery Liquid-Infused Porous Surfaces (SLIPS-HSC).3 We grafted a fluorinated 
silane (1H, 1H, 2H, 2H-perfluorooctyltrichlorosilane) on a PDMS-based HSC and then infused it with a 
fluorinated fluid (Krytox@ 103). The SLIPS-HSC was relatively transparent (30% transmittance at 600nm, 
Fig. 2-3C and Fig. 2-S7) and oleophobic (SA of hexadecane, plant oil, and hexane is 4, 5, and 7 
respectively, Fig. 2-3D). The facile and fast preparation of HSCs can potentially address the challenge of 
preparing large scale functional surfaces for trapping liquid for many practical applications.52   
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While most particle-based approaches to make superhydrophobic surfaces are based on deposition of 
matter,17, 35-38, 41 the formation of HSCs involves texturing through the removal of matter. This difference 
suggests the possibility of using wear as a complementary texturing mechanism that can improve the 
material’s wear resistance rather than degrade it. Flame processing induces a very rapid temperature 
increase and thermal degradation of the top layer of silicone. The material underneath the surface has 
limited access to O2 resulting in depolymerization and homolytic Si-C bond scission which release 
oligomers and methane, respectively.48 While this gas evolution can lead to cracking in highly crosslinked 
silicones, in the case of softer PDMS-based HSCs it produces large bubbles and cavities beneath the surface, 
shown in Fig. 2-4A. Wear opens these cavities, leaving behind a macroscopically rough surface (Fig. 2-
4B). Upon regeneration by flame processing, and redeposition of the finely textured soot, the hierarchical 
structure of the surface shelters silicone soot from further abrasion yielding drastically improved wear 
resistance (Fig. 2-4C). Abrading PDMS-based HSC with sandpaper (we used grit size = 600 and a pressure 
of 24 kPa instead of the 5 kPa used commonly in literature to provide a severe test of wear) shows markedly 
improved wear resistance after healing (Fig. 2-4D and supplementary discussion): the SA of initial flame-
treated PDMS increased quickly after 30 cm but remained around 10° for 60 cm after regeneration 
(indicated by red scatters in Fig. 2-4D). The same test performed on a state-of-the-art commercial coating 
solution shows peel-off after 10 cm of abrasion (Fig. 2-4E). 
This improvement in wear resistance is compatible with large scale fabrication and can be combined 
with the strong adhesion of silicone sealants. Layered silicone coatings were produced by spraying PDMS 
on a sealant coating before it fully cured. The coating was then flame processed (to produce the bubbles), 
worn (to create the roughened surface), and regenerated (to form the wear-tolerant WT-HSC) (Fig. 2-4F). 
We tested these surfaces in representative conditions by walking on them (0, 100, and 1,000 steps by a 75 
kg person wearing shoes with ridged rubber soles – the shoe fully covered the surface). As shown in Fig. 
2-4G, the WT-HSC could be stepped on 1,000 times with only minor effects on the water-repellency 
(CA=162±3° before wear, 159±5° after 100 steps, 154±7° after 1,000 steps). SLIPS obtained from WT-
HSCs retains their oleophobicity after 1,000 steps (SA=8.2±1.4° for hexadecane after the surface is re-
infused with fluorinated fluid). Stepping on a surface induces compressive and shear strains that damage 
any sensitive superhydrophobic texture of the surface: a state-of-the-art commercial solution (Neverwet®) 
shows complete loss of effectiveness after 100 steps (Fig. 2-4H). 
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Figure 2-4. Processing and characterization of Wear-Tolerant HSC (WT-HSC). A. Cross-secton of 
the PDMS-based HSC shows voids beneath the surface. B. Top view of abraded PDMS-based HSC surface 
shows the opened voids. C. Abraded PDMS after regeneration shows silicone soot sheltered within the 
microscale pores. D. Abrasion test conducted by abrading PDMS-based HSCs with sandpapers under 24 
kPa of pressure for increasing distances (Diagram of the setup in the inset). Red scatters indicate the healing 
step. E. A state-of-the-art commercial superhydrophobic spray coating peeled off from glass substrate 
within 10 cm abrasion using the same method. F. Diagram of the fabrication of wear-tolerant HSC (WT-
HSC). G. Water repellency of WT-HSC worn to three extents (left: 0 steps; middle: 100 steps; right: 1,000 
steps). Pinned droplets indicate limited damage. H. A state-of-the-art commercial spray coating shows 
wetting after 100 steps. 
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Conclusions 
We described a comprehensive strategy to address simultaneously the many challenges towards the 
implementation of superhydrophobic surfaces in large area outdoor applications, including easy in situ 
regeneration, resilience to weathering and wear, favorable environmental compatibility, and the possibility 
to turn the surfaces into SLIPS which avoid irreversible transitions to a Wenzel state and yields 
oleophobicity. The tunability of the chemical and physical properties of silicones by chemical modification 
or introduction of fillers, should provide avenues towards self-healing schemes which would make active 
surfaces such as these even more suitable for large scale outdoor applications. 
Materials and Methods 
Materials: Two kinds of home use sealants were used for the experiment: Silicone I sealant (GE012A 
Window and Door Sealant, clear) and Silicone II sealant (GE5000 Waterproof Sealant, clear). Both were 
purchased from either Walmart or Lowe’s Home Improvement. Polydimethylsiloxane (PDMS) (Sylgard 
184, Dow Corning) was purchased from Ellsworth Adhesives. 1H, 1H, 2H, 2H-
perfluorooctyltrichlorosilane (Sigma Aldrich, 97%), hexadecane (Sigma Aldrich, 99%) were used without 
further purification. Fe3O4 nanoparticles were used to dye hexadecane. Perforated metal sheet (part# 
9232T111) was purchased from McMaster-Carr. Neverwet water-repellent spray was purchased from 
Walmart and used in two steps according to the instruction: the base coat was first sprayed on substrates 
and the top coat was sprayed after 30 min. 
Sealant-based HSCs: Silicone II sealant was sprayed on different substrates and spread out using a 
spatula. Then the sealant coatings were left for at least 10 hours to fully cure before further processing. 
Sealant coatings on automobile, concrete, tar paper, and fiberglass fabric were treated with a weed burner 
torch fed with propane gas. Sealant coatings on Al plate for anti-icing test and glass slides for UV, heat, 
and acid tests were treated with a propane torch (BernzOmatic). The acid was prepared using diluted H2SO4 
(pH 1.4) with Milli- water (ρ= 18.2 MΩ·cm at 25 °C) and samples were entirely immersed in the acid 
solution.  
PDMS-based HSCs: Cured PDMS was prepared by mixing PDMS with curing agent at a 10:1 weight 
ratio. Then the samples were put into an oven at 70C for 24h. The reported uncured PDMS content under 
this curing condition is 1-5%.53 For PDMS samples treated in the furnace, the temperature in the processing 
tube was calibrated with a multimeter equipped with a thermocouple. Each time prior to changing samples, 
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the processing tube was purged for at least 30 min. PDMS samples for abrasion test were treated with 
pentane torch. 
WT-HSCs: Silicone I sealant was first sprayed and spread on the Al plates and then a mixture of PDMS 
and curing agent (weight ratio = 10:1) was immediately poured on the sealant. The samples were left in air 
for 30 min and then put into oven at 70C for 24h. The samples were then treated with a pentane torch, 
worn by steel wool, and retreated with the torch.  
Flattened samples: Flattened samples were prepared by first collecting the white powders on different 
samples using plastic spoons. The powders were then flattened using a hydraulic jack at a pressure of 
1.66×105 kPa.  
Surface patterning: The patterning of periodic superhydrophilic areas on superhydrophobic PDMS was 
realized by using a perforated metal mask with periodic pores (pore size = 1.63mm). The metal sheet was 
put on a SH PDMS sample and then the two were heated by a torch. Extensive heating is necessary to get 
the surface superhydrophilic, but the process can be accelerated by blowing the surface with O2.  
SLIPS-HSC: PDMS based HSC samples were prepared by heating cured PDMS with a Bunsen burner. 
The as-prepared HSCs were put together with semi-fluorinated silane in a vacuum desiccator. The 
desiccator was first opened to vacuum for 15 min and then sealed for 3 hours at room temperature.41 After 
the reaction, the semi-fluorinated silane was taken out and the desiccator was vacuumed again for 15min to 
remove unreacted silane on the SH PDMS surface. Last, the lubricating oil was dripped onto the HSC 
surface. 
Characterization 
Scanning Electron Microscopy: The morphologies of the HSCs were characterized by SEM (FEI Quanta 
250 FE-SEM) at Materials Analysis and Research Lab (MARL) at Iowa State University. Samples were 
sputter coated with 5 nm iridium before imaging. The SEM instrument was operated under high vacuum at 
8 kV. Low voltage was sometimes used to avoid surface charging. Scan speed was set at 3 µs or below.  
Contact Angles and Sliding angles: Contact angles were measured on a goniometer with a manually 
driven tilting base (rame-hart Contact Angle Goniometer) using DROPimage Standard software. The 
volume of water droplet used in the measurement was 3µl. All samples from the furnace study were stored 
in a Petri dish for one day before measurement. 
X-ray photoelectron spectroscopy:  The XPS measurements were performed using a Kratos 
Amicus/ESCA 3400 instrument at MARL. Samples were irradiated with 240 W unmonochromated Mg Kα 
x-rays without sputtering, and photoelectrons emitted at 0° from the surface normal were energy analyzed 
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using a DuPont type analyzer. The step size for narrow scans was 0.05eV, dwell time was 600ms, and 5 
scans were taken to improve S/N. The pass energy was set at 75 eV and either a Shirley or linear baseline 
was removed from all reported spectra using CasaXPS software. Gold was coated at the center of the sample 
surface (diameter = 1mm) and used to calibrate the spectra. 
Solid State NMR: The SSNMR measurements were performed on a Bruker Avance II spectrometer with 
a 14.1 T wide-bore magnet using a 4 mm triple resonance MAS (magic angle spinning) probe in double 
resonance mode. Topspin 3.0 software was used for data acquisition and processing. The operating 
frequencies for 1H and 13C on this spectrometer are 600.13MHz and 150.90 MHz, respectively. Samples 
were prepared by collecting only the white powder on the sample surface and packing the powder into a 4 
mm MAS rotor. Samples were spun at a frequency of 10 KHz and the temperature was stabilized at 298K.  
Spectra were acquired using 90-t-180-t-detect Hahn echo pulse sequence with a 5µs 90° 13C pulse and an 
echo period of one rotor period (100 µs), under 1H dipolar decoupling at 71 kHz. The resultant spectra were 
externally referenced to glycine Ca resonance at 43.5 ppm. Spectra were typically acquired for 4096 scans 
with a recycle delay of 20 s.  
UV-Vis Transmission: Transmittance of all samples was measured using a Cary 100 Bio UV-Vis 
spectrophotometer. A blank cuvette was used to acquire the baseline spectra and samples were put vertically 
in the cuvette. 
Supplementary Text and Figures 
Area cost of sealant-based HSC coating: 4 bottles of sealant were used to cover 1.26 m2 with the 
thickness of 1.6mm. Each bottle cost 5.38 USD.  Average cost is 17 USD m-2. After eight times of flame 
processing, the thickness of the coating decreased to 1mm, so for each flame processing 0.075 mm was 
consumed. At this rate, the whole coating can be used for at least 20 times. 
Ingredients in sealants: According to their reference sheets, the ingredients in silicone I and silicone II 
sealants were listed in Table S1 and Table S2, respectively. The surface morphology (SEM image, Fig. 2-
1B) and soot particle size (TEM image, Fig. 2-1B inset) of sealant II is very similar to those of PDMS (SEM 
image, Fig. 2-2F). The CA of flattened sealant soot is 102.3±4.8°, which is very close to that of pressed 
PDMS soot (CA=101±6°). This suggests that the surface energy of the two compounds are very similar. 
 
 
 
 
34 
 
 
Table S1. Ingredients in silicone I sealant 
Chemicals Percent CAS 
Methyltriacetoxysilane 1.0-5.0 004253-34-3 
Distillates, petroleum, hydrotreated middle 10.0-30.0 064742-46-7 
Silane, dichlorodimethyl-, reaction products with 
silica 
5.0-10.0 068611-44-9 
Poly(dimethylsiloxane), hydroxyl terminated 60-100 070131-67-8 
 
Table S2. Ingredients in silicone II sealant: 
Chemicals Percent CAS 
Hexamethyldisilazane 1.0-5.0 000999-97-3 
Methyltrimethoxysilane 1.0-5.0 001185-55-3 
Polydimethylsiloxanes (Silicon oil) 10.0-30.0 063148-62-9 
Distillates, petroleum, hydrotreated middle 1.0-5.0 064742-46-7 
methyl dimethoxy polydimethylsiloxane 60-100 068037-58-1 
Silane, dichlorodimethyl-, reaction products with 
silica 
10.0-30.0 068611-44-9 
 
Environmental impact of thermal processing of silicone coatings: The gas pollutants generated during 
thermal processing are attributed to methane and small molecular weight oligomers. Oligomers are 
environmentally compatible as reported by reference [25]. Methane belongs to VOCs, but the amount of 
methane generated is no more than 14 wt% of PDMS, much smaller than that in the commercial spray 
coatings, and is expected to be converted to CO2 by the very flame that caused its release. Similarly can be 
said for sealants. 
For the calculation of the weight percentage, we used XPS to measure the change of Carbon/Silicon 
molar ratios under the surface before and after flame heating. Assuming that the number of Si atoms is 
constant, the weight percentage of generated methane in PDMS was calculated.  
Abrasion test: Wear resistance is usually tested by abrading the sample with sandpaper. The applied 
pressure is determined by the weight that is placed on the sample. But the center of the sample is usually 
less worn than the edges because the sample cannot move smoothly on the sandpaper, which makes the 
result inaccurate. In order to make sure that the measured areas were indeed abraded for the intended 
distance, we kept the PDMS-based HSC sample still and moved the sandpaper on it (setup shown in Fig. 
2-S1A-B). The weight is 400 g and the abraded area is about 2.54 cm in length and 0.635 cm in width (Fig. 
2-S1C). The resulted pressure is 24 kPa.  
Reproducibility of wear-tolerant WT-HSCs: The preparation of WT-HSCs showed high reproducibility. 
In the preparation of all WT-HSC sampls, we simply rubbed the surfaces with fingers or steel wool with 
various pressures. And they all worked well for improving the wear resistance of the HSC samples. 
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Figure 2-S1. Abrasion test and reproducibility of wear-tolerant WT-HSCs. A-C. Abrasion test setup 
demonstration. D. Sliding angles of testes PDMS surface. 
 
Fig. 2-S1D showed two extreme conditions in which the applied wear failed to improve the wear 
resistance of PDMS-based HSCs (red dots indicating healing steps, pressure=24 KPa). As shown by the 
figure, the flat surface of weighing paper does not improve the wear resistance after healing, as it cannot 
open the pores underneath the surface but only removes the superficial layer of silicone soot. As the soot is 
gradually removed the surface lost its superhydrophobic properties. Of course, very coarse (180 grit) 
sandpaper also doesn’t improve the wear resistance after healing. The abrasion is so drastic that it ablates 
the whole hierarchical structure responsible for the high wear resistance, i.e., top layer of soot, PDMS sheet 
underneath, and holey layer of bubbles underneath. However, sandpapers with other grits, such as 320 and 
600, under the same pressure showed effectiveness in improving wear resistance. 
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Figure 2-S2. Water repellency of concrete, tar paper, and fiberglass fabric with and without sealant-
based HSC. A pool of water was poured on a piece of rough concrete (A), tar paper (B), and fiberglass 
fabric (C) causing immediate wetting.  D. Water bounces off concrete coated with an HSC. E. Water is 
poured off of tar paper coated with an HSC. F. Water slides freely on fiberglass fabric coated with HSCs 
without absorbing. In all images, water was dyed for easier visualization. 
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Figure 2-S3. Effect of hexane and hexadecane contamination on sealant-based HSC. A. The sealant-
based HSC on a glass slide was wetted by hexane. B-C. After the evaporation of the hexane, a dyed water 
droplet was dropped on the surface and rolled off in 1s (tilting angle, 17), indicating the surface recovered 
to SH. D. The sealant-based HSC on a glass slide was wetted by hexadecane. E-F. After the evaporation of 
the hexadecane (heated at 100C under vacuum for 3 hours), a dyed water droplet was dropped on the 
surface and rolled off in 1s (tilting angle, 15), indicating the surface recovered to SH.  
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Figure 2-S4. CAs and SEM images of PDMS treated in different conditions. A. CAs of PDMS samples 
heated in N2 at temperatures ranging from 300⁰C to 500⁰C show no significant increase over time. In 
comparison, PDMS samples heated in air at 450⁰C shows gradual increase of CA over time until a sudden 
decrease. The CA of PDMS treated under this condition for 20 min is close to that of flame treated PDMS-
based HSC (149±6° vs 167±3°). The CA of flattened PDMS-based HSC is ~50° lower than the CA of 
PDMS-based HSC. B-C. SEM images of PDMS sample heated in (B) N2 and (C) air at 450⁰C for 30 min. 
Different surface textures of (B) and (C) show that processing in air yields more silicone soot than in N2, 
consistently with the acceleration of depolymerization by O2. D. SEM image of PDMS-based HSC 
processed by flame shows much finer morphology of the soot rather than that shown in (C) (~20-50 nm vs 
~200-300 nm). The difference is consistent with a rapid depolymerization of the silicone due to the much 
higher temperature of the flame (>1500⁰C). E. SEM images of flattened PDMS-based HSC sample shows 
that the surface has a much reduced roughness.  
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Figure 2-S5. Deposition of silicone soot and its microscale morphology. A. A piece of cured PDMS was 
placed between two silicon wafers on aluminum foil. B. The PDMS was heated by a torch for 3 s. White 
powder was observed on both the Si wafers and the underlying Al foil. The white powder on Al foil cannot 
be washed away by water flow and shows a more robust porous structure than that formed by volatile 
carbon soot which can be washed away by water41. C. A cross-sectional SEM image of the Al foil show a 
large quantity of silicone soot. D. A higher magnification SEM image of (C) show the morphology of the 
deposited silicone soot. EDX mapping of Si (E) and Al (F) in (C) confirmed the accumulation of silicone 
soot on the Al foil. G. Contact angle of a water droplet on a borosilicate cover glass was 50.8. Then the 
cover glass was heated by the same torch, the flame of which had nearly the same size and was kept at the 
same distance from the surface of the glass as that of the PDMS. H. After 1 min flame treatment, the contact 
angle decreased to 37.5. The decrease of contact angle indicates the absence of carbon soot that would 
otherwise contribute to the superhydrophobicity of PDMS-based HSC.  
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Figure 2-S6. SEM images of silicone soot deposition as a function of time at 400°C. SEM images of 
cured PDMS samples heated at 400°C in air for (A) 30 min, (B) 60 min, (C) 120 min, and (D) 180 min. 
 
 
Figure 2-S7. Transmittance of SLIPS-HSC. The baseline was measured using an empty cell. The 
transmittance of pristine PDMS (black) is reduced to 2% in the entire visible range after conversion to 
HSCs. The SLIPS-HSC shows a much improved transmittance of 20-40%.   
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Abstract 
Superhydrophobic surfaces are interesting for applications ranging from the prevention of ice accretion 
on pedestrian lanes to anti-corrosion sprays for marine vessels. Large scale deployment of 
superhydrophobic coatings calls for simple fabrication methods that are fast, scalable, environmentally 
benign, and with high performance. The method based on thermal decomposition of silicones induced by 
flames provides a simple solution to this problem. Yet, the operation conditions need to be optimized. Here, 
we studied the effect of different processing conditions on the fabrication of superhydrophobic surfaces 
based on the thermal decomposition of polydimethylsilicone (PDMS) carried out by a flame jet. Three 
mechanisms are involved in the treatment: depolymerization (the release of silicone oligomers from the 
surface to form particles), pore formation (the release of methane inside PDMS to induce bubble formation 
and eventually crack the surface), and pyrolysis (formation of silicon oxycarbide, SiC, and graphene). The 
obtained coating is superhydrophobic in a relatively large range of flame processing conditions (flame 
temperature, flame residence time), thus demonstrating a remarkable robustness. We found that the lower 
limit of processing speed is determined by the depolymerization temperature, while the upper limit by pore 
growth and pyrolysis. As we show here, this robustness is the result of self-limiting properties of the process 
which constrain the size and oxidation of the “soot” particles produced and the extent of particle deposition. 
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Introduction 
There is an increasing demand for large area deployment of superhydrophobic (SH) surfaces,1-4 for 
practical applications ranging from preventing corrosion (in transmission pipelines, highway bridges, water 
infrastructure, aircraft, automobiles, etc.), icing (in aviation, rail, maritime, heavy vehicles, power lines, 
construction, etc.), and contamination of surfaces (for solar panels, skyscraper windows, etc.). Billions of 
dollars are spent to fight corrosion of metals ($276 billion annually in U.S. according to SSPC5), injuries 
and damages due to ice accumulation ($2.3 billion on snow and ice control operations and ~$5 billion to 
repair roadway infrastructure damaged by snow and ice in US 6), and intensive labor on surface cleaning.  
However, large-scale, any outdoor deployment of SH surfaces faces a multitude of constraints that are 
not satisfied by most of the approaches developed in laboratories. The fabrication and regeneration of these 
surfaces should be achievable in situ, and therefore should be robust towards different atmospheric 
conditions, a wide range of temperatures, and contaminations, it should not require vacuum or high 
pressures, and should be scalable to large and rough surfaces. Importantly, the deployment should be 
compatible with automation or, at the very least, robust towards changes in the processing conditions due 
to different operators. Available techniques are impractical for the automated fabrication of SH coatings as 
they require precise predetermination of the target geometry (e.g., template molding and replication, 
lithography, and micromachining), only works for limited kinds of materials (e.g., chemical deposition, 
membrane casting, colloidal assembly, or sol-gel), or require non-standard conditions for temperature or 
pressure (e.g., plasma etching).  
Superhydrophobic spray coatings can overcome the geometry and material limitations. Commercially 
spray coatings are mostly made of hydrophobic particles dispersed in volatile organic compounds (VOCs) 
which requires large quantity of organic solvents that are neither economic nor benign to environment and, 
for these reasons, are banned for large scale use outdoors in many countries. Liquid flame spray for 
superhydrophobic coatings emerged as an alternative technique for coating depositions.7 In our previous 
work, we demonstrated that the thermal decomposition of silicone coatings by a flame generates 
nanoparticles resembling “soot” and a textured surface from deposition of these particles.8 This textured 
surface, combined with their partial oxidation resulted in superhydrophobic surfaces that could be generated 
and regenerated rapidly on large rough surfaces. However, the processing speed was not optimized. 
In this work, we investigated the effects of different processing conditions on the superhydrophobicity 
of the surface obtained by flame treatment of PDMS to determine the highest processing speed. We use a 
flame jet which has a high heat transfer rate9-10 to increase the processing speed and make the approach 
more efficient for large scale deployment. The temperature profile of the flame was measured by 
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thermocouple and simulated based on heat transfer. The processing speed was recorded using 
photodetectors. The resulted surface hydrophobicity was characterized by contact and sliding angles. 
 The size of the “soot” particles, their deposition rate, and their composition were studied and correlated 
with the processing conditions. The results show remarkable self-limiting characteristics of this process 
which explain its remarkable robustness. These properties result in a wide operational window for flame 
temperature (from 1250°C to 1880°C) and processing speed (from 23.6 cm/s to 10 cm/s). These findings 
demonstrate the promise of this approach for automation of large scale superhydrophobic coating 
deployment.  
Experimental Design and Thermal Simulation 
Flame configuration 
A welding torch (nozzle ID = 0.13 cm) was equipped with a propane tank and a cylinder of pure O2. 
Temperatures up to 2800°C (the adiabatic peak temperature for oxygen-propane premixed flame) can be 
reached with this setup. Due to the large temperature gradients displayed along premixed flame jets, lower 
temperatures can be achieved by small increases in the distance between the nozzle and the surface to be 
processed. While oxyacetylene flames achieve higher temperatures (3480°C), propane is less expensive 
and significantly safer to use. The flow rate of propane was kept at 0.1845 Liter per Minutes (LPM) at 5 
psi of pressure. The O2 flow rate is 0.7875 LPM at 25 psi of pressure. So, the molar ratio of O : C in flame 
at the nozzle is 8.54 : 3 and it becomes higher as more air is introduced into the flame by convection.  
Flame temperature measurement 
Local flame temperatures are usually measured with thermocouples. This method is limited by the range 
of measurable temperatures of the thermocouple. Another approach is to use noncontact methods. 
Noncontact methods are not suitable for our case because the powder generated by the process can radiate 
and interfere with the measurement, and it cannot provide the flame temperature profile just above the 
impinged solid surface and the temperature increase in PDMS.  
To measure the temperature directly at the surface of PDMS and calculate the rate of heat transfer to 
PDMS during processing, a K-type thermocouple with a tip diameter of 0.6 mm was embedded in PDMS 
at its top surface part. An Arduino board is used to record the temperature change of the thermocouple and 
plotted as Ts(t).  
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To measure the flame temperatures, a sheathed K-type thermocouple (⌀	3.15 mm) was directly put into 
flame at different distances from the torch nozzle to measure the local temperatures (up to 1300°C). For 
flame temperatures above 1300°C, they were determined by thermal simulation discussed later.  
Processing speed measurement 
To measure the processing speed (between 0.2 cm/s and 60 cm/s), two photodiodes were separated by a 
known distance (1.27 cm) which is close to the flame width in the free jet region. The time interval for the 
flame torch to move across each diode was recorded and used to calculate the processing time and speed. 
For processing speed lower than 0.2 cm/s, no particle deposition occurred, while for speed higher than 60 
cm/s, severe pore formation and pyrolysis happened. 
Flame temperature profile simulation 
Heat transfer from flame to a solid surface is through convection and radiation. The incident flame heat 
flux can be expressed as: ݍሶ ൌ ݍ௖ሶ ൅ ݍ௥ሶ , ݍ௖ሶ ൌ ݄൫ ௙ܶ െ ஶܶ൯, ݍ௥ሶ ൌ ߪ ௙ܶସ൫1 െ ݁ି఑௟೘൯, where the heat transfer 
coefficient h is a function of position and the fluid properties in general and the mean beam length lm is a 
function of the geometry of the flame.11 A welding torch can be described as a flame jet where radiation is 
not the dominant mode of heat transfer while 70% of the total heat transfer is due to convection.9  
The precise determination of heat transfer at a solid surface from the velocity and temperature profiles 
is a complicated problem influenced by turbulence, entrainment, exit jet velocity profile, nozzle geometry, 
nozzle-to-surface-distance, angle of incidence, surface curvature, and other external factors. However, in 
the so-called “free jet region”, the solid surface has no significant influence on the jet flow and the 
description of the velocity and temperature profiles are simpler than elsewhere. In the free jet region the 
gas velocity is equal to the nozzle exit velocity at the nozzle. Beyond some distance, the large shear stresses 
at the jet boundary generate turbulence and the entrainment of additional air which broadens the velocity 
distribution and decrease the axial velocity. At the end of the free jet region, the velocity profile is fully 
developed and a Gaussian velocity distribution along radial direction was reported by Reichardt12 to have 
a good fit of the experimental measurements. This suggests that the heat convection coefficient can also be 
assumed to have a Gaussian distribution.  
To simplify the calculation, we assumed that the turbulence flow is small so that the fully developed 
velocity profile remains unchanged. We assume a Gaussian distribution of both the convective heat transfer 
coefficients (hf) and flame temperatures (Tf) along the radial direction and use the width of the flame in the 
free jet region as the standard deviation to fit the temperature profile of the sensor. The expressions are:  
and ,  
݄௙ሺݒ, ݐሻ ൌ ݄௙଴݁ି
ሺ௩௧ሻమ
ଶఙమ  ௙ܶሺݒ, ݐሻ ൌ ௙ܶ଴݁ି
ሺ௩௧ሻమ
ଶఙమ  
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where hf0 and Tf0 are the convective heat transfer coefficient and flame temperature at the centerline of 
the flame, respectively. We use the following expression for heat transfer from flame to thermocouple and 
heat dissipation from thermocouple to air: 
 ൝	ݍ ൌ ݄௙ሺݐሻ ∗ ቀ ௙ܶሺݐሻ െ ௦ܶሺݐሻቁ , ௙ܶሺݐሻ ൐ ௦ܶሺݐሻݍ ൌ െ݄௔௜௥ ∗ ሺ ௦ܶሺݐሻ െ ௦ܶ଴ሻ	 ௙ܶሺݐሻ ൏ ௦ܶሺݐሻ
; 
where Ts is the temperature read by sensor and Ts0 the initial temperature of sensor.  
The simulated temperature profile and experimental results were shown in the supporting information 
together with the parameter used (Fig. 3-S1). The heat convection coefficients for temperatures measured 
from the sheathed thermocouple (i.e., Tf0 = 750 °C, 900 °C, 1000 °C, 1145 °C, and 1250 °C) are determined 
first by choosing the heat convection coefficients that minimize the total deviation between the 
experimental and the simulated temperature defined as: 
ܵ ൌ ∑ ݓ ∙ ൫ ௦ܶሺݒ, ݐሻ௘௫௣௘௥௜௠௘௡௧௔௟ െ ௦ܶሺݒ, ݐሻ௦௜௠௨௟௔௧௜௢௡൯ଶ௩,௧ , w = 1 when  ௙ܶሺݐሻ ൐ ௦ܶሺݐሻ and w = 0.1 when 
௙ܶሺݐሻ ൏ ௦ܶሺݐሻ. 
The heat conduction coefficient for 1250 °C is used for other higher flame temperatures by assuming 
that the velocity profile is not significantly changed between the position where the flame center 
temperature is 1250 °C (i.e., 4.45 cm from the nozzle) and the tip of the reaction zone (i.e., 0.64 cm from 
the nozzle). Flame temperatures for sensor-nozzle distances smaller than 4.45 cm were then determined by 
minimizing the total error defined above.  
Flame heat flux calculation 
For each processing speed and sensor-nozzle distance, the total heat transferred from the flame to the 
sensor can be calculated using the known heat capacity of the thermocouple sensor (0.485 J/g/K). The total 
heat absorbed is then plotted with the respect to the exposure time of the thermocouple to flame. By fitting 
the relation with a line, the slope can be used to calculate the heat flux (Fig. 3-S2).  
PDMS temperature calculation 
The temperature history of PDMS during heat treatment by flames can be then obtained from the 
temperature profile recorded from sensor by assuming that the heat flux is the same for both materials of 
the same volume, so the difference in sensor temperature and PDMS temperature is only dependent on the 
difference in their volumetric heat capacities. The temperature history then can be used to correlate the 
maximum PDMS temperature as a function of flame center temperature and processing speed. Fig. 3-S3 
shows an inverse relationship between the processing speed and the maximum PDMS temperature. 
The PDMS temperature history can also be used to estimate its depolymerization temperature (termed 
as “apparent depolymerization temperature”) by knowing which samples show particle deposition. Particle 
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deposition only occurs after particles formed. Though there is a delay between the initiation of PDMS 
depolymerization and that of the particle deposition, the particle generation rate in our case is fast and it is 
reasonable to assume that this delay to be small.  
Results and Discussions 
The flame axial temperature profile at the centerline and heat flux as a function of distance from the 
flame nozzle were shown in Fig. 3-1A. The peak adiabatic temperature for complete combustion of oxygen-
propane flame is about 2800 °C. The calculated flame temperature next to the nozzle is 2450 °C which is 
in close proximity with the peak adiabatic temperature. The discrepancy can be due to heat loss to the 
environment. The flame temperature drops with the distance from the nozzle. The calculated heat fluxes 
are in the order of 102 kW/m2 within the same order of magnitude for heat fluxes obtained from 
stoichiometric methane flames.9, 13  
The maximum PDMS heating up rate at different flame temperatures and processing speeds were shown 
in Fig. 3-1B. The PDMS heating rate is obtained by taking the derivative of the PDMS temperature with 
respect to time. The value can be as high as 10 °C/ms (ms: milli-second). The heating up rates show a linear 
dependence on flame center temperature, while there is a maximum in the dependence of maximum heating 
rate on processing speed. The effect of flame temperature and processing speed (hence, heating up rate of 
PDMS) on particle formation and deposition are discussed below. 
Fig. 3-1C shows a SEM image of the hierarchical structure of the produced coating. It consists of 3 
layers. The top layer comprises primary particles and aggregates deposited from the flame.8, 14 In the bottom 
layer beneath the surface, PDMS is also heated up by the flame through heat conduction from the top 
surface. However, they have limited access to oxygen and the thermal degradation process is dominated by 
the homolytic Si-C bond scission which prevails in oxygen-deficient conditions and release methane to 
induce pore nucleation and expansion.14 This process produces cavities and even cracks in the underneath 
pore layer. Between the deposition and pore layers, there is a continuous layer. Its presence is likely due to 
the formation of a viscous layer upon flame impingement when a small extent of depolymerization occurs 
beneath the very top surface of PDMS where only a small amount of oxygen is available. After flame 
departs, the viscous layer cross-linked to form a continuous layer. Due to the liquid nature of the viscous 
layer, methane can leak out and no accumulation of gas in the continuous layer to initiate pore nucleation.  
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Figure 3-1. Flame jet and coating surface characterization. A. Flame center temperatures and 
corresponding average heat flux at different distances from torch nozzle. B. Heating up rates of PDMS as 
a function of flame center temperature and processing speed. C. SEM image showing the hierarchical 
structure of flame processed PDMS. The surface structure can be classified into 3 regions – particle 
deposition layer, continuous layer, and underneath pore layer. D. An operation window suitable for 
automated fabrication of superhydrophobic coating. The superhydrophobicity of the surface are defined as 
contact angle (CA) > 150° and sliding angle (SA) < 10°. The depolymerization of PDMS set the upper limit 
of processing speed while the pyrolysis of the PDMS determines its lower limit.   
 
An operation window appears wherein the contact angles (CA) of all processed PDMS samples are 
larger than 150° and their sliding angles (SA) are smaller than 10° (Fig. 3-1D). This operational window 
establishes the tolerance for which flame processing will not be affected by external conditions (like 
breezes, uneven surfaces, etc.) and superhydrophobic surfaces will always be obtained. The distance from 
the nozzle to the PDMS surface can be changed from 1.98 cm to 4.45 cm while the processing speed can 
be tuned from 2.8 cm/s to 9.9 cm/s, giving significant tolerance to surface roughness and operator speed. 
On the right and bottom side of the operation window, there is no enough particle deposited on the surface 
to create required surface roughness for surface superhydrophobicity. On the left side of the operation 
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window, the long exposure time of PDMS to flame (i.e., low processing speed) caused pore growth that 
eventually crack the top surface and left with macroscopic surface roughness which can trap water droplet 
and increase the SA above 10°. On the top of the operation window, pyrolysis occurs and limits the amount 
of particle generated and deposited on the surface.  
The flow structure of impinging flame jet can be divided into three characteristic regions: the free jet 
region, the stagnation flow region, and the wall jet region (Fig. 3-2A). The stagnation region is where the 
axial velocity decelerates and turns parallel to the solid surface and enters the wall jet region. This makes 
the static pressure in the stagnation region often much higher than elsewhere in the flow and the ambient 
pressure according to Bernoulli equation.15 The typical thickness of the boundary layer is no more than 1% 
of the jet diameter 16 (in our case, the boundary layer is calculated to be 12.7 μm) and it extends to the wall 
jet region with a gradual increase in thickness. In the wall jet region, the flow is radially outward.  
To study the effect of flame flow structure on particle deposition, we impinge the flame to a PDMS 
sample at the angle about 50° from the normal direction. As shown in Fig. 3-2B, the deposited particles can 
be visually divided into 3 different regions, named as “core”, “center”, and “edge”. In accordance with the 
radial temperature distribution of flame, the impact on core region can be attributed to the stagnation region 
of the impinging flame, the impact on center region to the wall jet region, and the impact on edge region to 
the tail of the flame where the flame flow becomes turbulent and unstable.  
Fig. 3-2C shows the top-view SEM micrographs of particle size from each region of the surface. The 
particle size can be related to the residence time of particles in flames. It can be reasoned that most of the 
particles are first formed in the stagnation region where flame temperature and heat flow are the highest 
and so are the PDMS depolymerization rate, oligomer concentration, and collision rate. Due to its high 
pressure compared to the surrounding volumes of gas, the particles in this region should be either pushed 
towards the PDMS surface or towards the wall jet region where they will fall back to the PDMS surface as 
soon as they get entrapped into the boundary layer, i.e., the particles deposited in the core region came from 
stagnation region while particles deposited in the center region went through both the stagnation region and 
the wall jet region. So, the larger particle size observed in the center than in the core is due to a longer 
residence time of the particle in flame. The deposited particles in the edge region are escapers that were not 
entrained into the boundary layer and left the flame earlier than other ones.  
Fig. 3-2D shows SEM micrographs of the cross-section of the layer of deposited particles in the 3 regions 
and the arrows refer to their thicknesses. High resolution images show necks between particles in the 
deposited layer17, which is consistent with our previous observations of the remarkable mechanical stability 
of this powder, especially when compared to carbon soot.8 The larger thickness in the center layer is 
consistent with the displacement of particles from the stagnation region into the wall jet region and their 
settling following entrainment into the boundary layer. The small thickness of the particle deposit in the 
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edge region is consistent with the explanation for the smaller size of their particles. Only the smallest 
particles removed from the stagnation region could reach the edge of the deposition zone.  
 
 
Figure 3-2. Flow effects on particle deposition.  A. Diagram showing the flow structure of an impinging 
flame jet. The arrow array shows the velocity distribution at the free jet region and wall jet region. B. 
Particle deposition caused by impinging a flame jet for about 0.5 second at a tilted angle of 50°. The deposit 
layer can be visually separated into three regions: core, center and edge. C-D. SEM micrographs showing 
the morphology of the deposited particle (C) and the thickness of the deposition layer (D) for the three 
regions. E. The deposit layer thickness produced at different flame temperatures as a function of exposure 
time. F. Apparent depolymerization temperature calculated for different flame center temperatures. They 
correspond to the maximum PDMS temperatures when particle formation initiates.  
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The thickness of the deposited layer in the center region as a function of processing time at different 
flame center temperatures is plotted in s Fig. 3-2E. The data shows a roughly universal linear trend (all the 
data points can be linearly fitted with R2 = 0.77). The dependence on temperature is rather weak. The data 
can be roughly grouped into two intervals of flame temperature: T>1000°C and T<1000°C. For flame 
temperatures above 1000°C the linear fit is especially good (R2 = 0.95), indicating that the particle 
deposition rates at this temperature range is rather similar. One mechanism that can account for this is the 
increase of the impinging area of the flame jet as nozzle-sample distance decreases. This can lead to a larger 
particle deposition area which compensates the increase in the amount of particle generated from a higher 
flame temperature. This similarity is partly responsible for the existence of the operation window (Fig. 3-
1D). 
As shown in Fig. 3-2F, the apparent depolymerization temperatures also fall in the same range for flame 
temperatures above 1000 °C. Since the PDMS temperature is calculated from a layer of materials (~0.06 
cm), it is an average value. In fact, there is always a temperature gradient at the PDMS surface and the top 
surface has a higher temperature than the average value, so a higher flame temperature will initiate the 
depolymerization early than the lower ones because of a larger temperature gradient and lead to a lower 
apparent depolymerization temperature for higher flame temperatures.  
There are two types of particles formed in the gas phase before deposition – primary particles and 
aggregates. Primary particles are formed by chemical reaction, nucleation, and growth.18 Aggregate 
particles are clusters of primary particles tightly kept together partially coalesced together. The size of the 
primary particles were measured using Scanning electron microscopy18 from primary nanoparticles that are 
distinguishable from the aggregates in SEM. The samples were prepared by collecting deposit powders, 
sonicated in ethanol, and dispersed on Si wafers.  
The particle size is shown in Fig. 3-3A-B, the particle size didn’t show a strong dependence on either 
flame temperature or exposure time. The evolution of primary particles and aggregates were studied by 
many researchers.18 It is mostly accepted that the growth rate of primary particles decreases with their size 
due to their increasing surface area. Therefore, the average diameter of primary particles tend to reach a 
critical value (depending on the flame configuration and composition) above which growth is so slow that 
aggregative processes take over. As primary particles grow bigger, they have a higher chance to collide 
with other particles (either primary or aggregates) as a result of their increased collisional cross section. 
Upon coalescence with an aggregate, the growth of primary particles is further slowed down due to the 
decrease of their exposed surface area. This competition tends to yield a self-limiting size of the primary 
particles.18  
The consistent particle size produced at different flame temperatures and with different processing time 
is a key contributor of the robustness of the process. Surface roughness is one of the fundamental parameters 
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driving the appearance of superhydrophobic behavior. The roughness of a particle aggregate will depend 
on the size of the primary particles, on their ability to rearrange after aggregation (i.e., how sticky they are), 
and on the degree by which they can sinter and densify. In this process, the primary particles are self-limited 
in size. The disordered texture and the presence of necks suggest that the primary particles are sticky in all 
processing conditions. The sintering will be limited for particle at the top of the coating since they are the 
last particles to have settled. Therefore, this consistency in the characteristics of the primary particles leads 
to a very consistent surface texture at the top of the coating which is essential for the robustness of the 
process. 
Fig. 3-3C showed the thermogravimetric analysis (TGA) data (heated in air at 10 °C/min up to 640 °C) 
from silicone soot produced with a flame temperature between 1000°C and 1100°C and a processing speed 
of 2 cm/s. The total weight loss is 11.24%. From SSNMR of our previous work, we found that there are 
still methyl groups left in the soot particle.8 So, we can assume the composition to have the form of 
SiO1+x(CH4)2-2x. Using the weight loss percentage and assuming the final product is SiO2, we found 
x=0.525. So the original particle composition to be SiO1.525(CH4)0.95. In comparison, the weight loss from 
pristine PDMS to silica is 79%.  
The atomic molar ratios of C/Si and O/Si calculated from XPS data spectra for different flame 
temperatures and compositions were shown in Fig. 3-3D showed. All the C/Si ratios fall in the range 
between 0.8 and 1.6, though in the high flame temperature range the C/Si ratio is lower. The C/Si ratios are 
a little higher than the value calculated from TGA, presumably for two reasons: adventitious carbon which 
were first adsorbed at the particle surface and reorganization of the structure which expose methyl groups 
toward the outside to lower the surface energy. The small difference of C/Si ratios between XPS and TGA 
results suggests that the particles are composed most of incomplete oxidized oligomers.  
On the other hand, The O/Si ratios show a slightly increase with time but didn’t exceed 1.5 for all 
measured flame temperatures and exposure times. The weak time dependent property suggests that the 
oxidation of the precursor is suppressed by the particle growth, even though the O/C ratio in flame is very 
high, consistent with the observation that the particles are mostly composed of incomplete oxidized 
oligomers. The incomplete oxidation of oligomers prior to particle formation and growth emphasizes the 
nonequilibrium nature of flame particle synthesis where the products are not the ones predicted by 
equilibrium and its composition is affected by various processes, for example, the competition between 
particle growth and precursor oxidation.19 The similar particle size and composition is another reason 
responsible for the existence of the operation window. 
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Figure 3-3. Particle growth kinetics.  A. Size distribution of primary particles produced at different flame 
temperatures with similar flame exposure time of 0.4s. B. Size distribution of primary particles produced 
at three different flame temperatures for different flame exposure times. C. Thermogravimetric and 
Derivative Thermogravimetric Analysis (TGA/DTG) of deposited particles in air at ramping rate of 10 
°C/min. D. Atomic ratios of C/Si and O/Si calculated from XPS spectra in deposited particles produced at 
different flame temperatures (■ for 900 °C, ● for 1000 °C, ▲ for 1145 °C, ▼ for 1250 °C, ♦ for 1600 °C, 
◄ for 2450 °C). The dashed lines indicate the C/Si and O/Si ratios in pristine PDMS.  
 
From above discussion, the flame effects on particle formation, oxidation, and deposition can be 
summarized as follows: 1. Oligomers are released from the boundary layer below the stagnation region 
where the temperature is highest, then they evaporate into the stagnation region due to concentration 
gradient. 2. The high oligomer concentration above PDMS surface leads to fast particle nucleation and 
growth prior to the full oxidation of the oligomer precursors. 3. Primary particles continue to grow or collide 
with each other to form aggregates during the diffusion process or within the stagnation region. 3. Both 
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primary particles and aggregates were carried by the flame into the wall jet region where they continued to 
grow or fuse into bigger particles. 4. At certain point, they become heavy enough and fell into the boundary 
layer where they were left there.   
To confirm that the pore formation is due to the releasing of CH4. We used a scintillation vial, put it 
upside down, and rub the processed PDMS surface to break the continuous layer and collect the escaping 
gas. Gas chromatography showed that there are considerable amount of CH4 in the collected gas, confirmed 
the release of methane to form pores (Fig. 3-4A). 
Previous studies reported that increasing the heating rate to 100°C min-1 produced a stable black solid 
phase at 700-800°C indicating a different degradation mechanism.20-21 The black residue was taken to be 
silicon oxycarbide as products of pyrolytic reactions20 which can be converted to a mixture of SiC, 
graphene, and SiO2 if heated at 1500-1650°C.21 In our experiment, pyrolysis of PDMS were also observed 
for samples exposed to flame for long time (Fig. 3-1B). Once pyrolysis occurred, a yellow-black area 
appeared as shown in Fig. 3-2B. To confirm the composition of the black product, we tested a PDMS 
sample in a N2 purged tube furnace for ~1s at 1100°C. Due to strong background noise for flame processed 
sample, we didn’t get good quality Raman spectra for flame treated sample.  
As shown in Fig. 3-4B, the peaks of pristine PDMS all disappeared in the sample heated at 1100°C and 
two new peaks at 1327 cm-1 and 1613 cm-1 appeared. These two peaks can be attributed to the D band (1350 
cm-1) and G band (1580 cm-1) of graphite. The G band arises from the C-C bond stretching mode, indicating 
the formation of graphite in the heated PDMS sample. These results are consistent with previous report and 
their formation is due to the limited access to oxygen inside PDMS.20-21 
 
Figure 3-4. Pore formation and pyrolysis. A. Gas chromatography analysis (GC) showing the release of 
methane from underneath pores. B. Raman spectra of pristine PDMS and PDMS heated at 1100°C for 1s.  
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Conclusions 
In this work, we show the self-regulating properties of flame-based fabrication of superhydrophobic 
surfaces from silicones. An operation window can be found with our setup. The approach has certain degree 
of tolerance to uneven surfaces, wind, and other uncertainties. Outside of the operation window, when the 
processing speed was too high, not enough particles were deposited on the surface to achieve the roughness 
for superhydrophobic state; while, when the speed was too low, the surface will undergo serious bubble 
formation and paralysis which crack and trap droplets.  
Even though flames are highly inhomogeneous, the following features of our approach attribute to the 
operation window and make the approach suitable for the automation. 1. The particle deposition rate is 
similar across all the flame temperatures tested. 2. The particle growth is limited by the aggregation which 
lead to particles of similar sizes for different flame temperatures and processing speeds. 3. The fast particle 
growth rate competes with oxidation of the precursor and resulted in incomplete oxidation of the precursors 
before incorporated into the particles.  
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Supplementary Figures 
 
Figure 3-S1. Temperature profiles recorded by thermocouple sensor and simulated by heat transfer 
for different flame center temperatures. For 750°C, heat convective coefficient of 0.0067 W/K is used, 
for 900°C 0.0068 W/K, for 1000°C 0.0067 W/K, for 1145°C 0.0067 W/K, for 1250°C 0.007 W/k, for 
1640°C 0.007 W/K, for 1880°C 0.007 W/K, and for 2450°C 0.007 W/K.  
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Figure 3-S2 Linear fitting of total heat absorbed by thermocouple sensor as heated up by flame at 
different flame center temperatures. The R-square show the goodness of the fitting and the slope is the 
average heat flux transferred from flame to sensor in the unit of kJ/ms. 
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Figure 3-S3. Maximum PDMS temperature as a function of processing speed and flame center 
temperature. The calculation assumes that PDMS retains its heat capacity which is not true in high 
temperature range when PDMS have high degree of decomposition. But the trend of maximum temperature 
vs flame center temperature and processing speed still holds. 
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Abstract 
Nanocrystalline mesoporous thin films with controlled porosity and surface chemistry, good mechanical 
properties are important in many applications. Integration of colloidal nanocrystals with designed 
morphology and composition into mesoporous materials would benefit from processing methods devoid of 
thermal and severe chemical effects on the nanocrystals. Here, we describe a simple approach to the 
production of mesoporous films directly from spin-coated ligand-capped colloidal nanocrystals using low-
pressure plasma processing. By a combination of X-Ray Reflectometry, Ellipsometric Porosimetry, and 
Elastic Backscattering Spectroscopy/Elastic Recoil Detection, we show that the pore structure can be tuned 
by the aspect ratio of the starting building blocks and matches the predicted values, while the surface 
chemistry can be controlled by capping ligands and was found to dramatically affect the catalytic activity 
of the material towards acetalization of benzaldehyde. The absence of porogens helps maintain the integrity 
of the films with good mechanical properties and can drastically facilitate integration. The simplicity of the 
approach, the wide diversity of nanoparticle compositions reported, and the flexibility of plasma processing 
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in removing ligands makes this a potentially general approach for the creation of designer mesoporous 
materials without the complications and caveats of macromolecular templating.  
Introduction  
Mesoporous thin films are an important class of nanomaterials characterized by pore sizes between 2 
and 50 nm and large porosities (typically >50%).1-3  They are useful or necessary in a wide range of 
technologies: from catalysts4 to battery electrodes,5 from supercapacitors6 to ultralow-k dielectrics,7 from 
sensors8 to solar cells.5 Crystallinity, surface structure, pore connectivity, pore volume, surface area, surface 
chemistry, film integrity, and surface cleanliness are critical parameters that affect device performance in 
these applications.1 
Colloidal nanocrystals are attractive building blocks for the creation of mesoporous materials due to the 
exceptional control over their size, shape, composition, and surface chemistry. Their assembly into 
mesoporous films with large, accessible porosities often requires the use of a porogen and its effective 
removal after assembly, both of which incur significant technical challenges (e.g., incomplete removal, 
pore collapse, cracking).9-11 A recent work showed the preparation of mesoporous films based on the loose 
packing of ligand-stripped metal oxide nanorods with reasonably high porosity.12 However, the ligand-
stripping process introduced alien ions and the acidity of the stripping agent affected the stoichiometry of 
the metal oxide. 
We here show a straghtforward method to directly turn ligand-capped nanocrystals, in two simple, low-
temperature steps (spin coating and low-pressure plasma processing),13 to mesoporous films with (i) high 
crystallinity, (ii) controlled crystallite and pore size, (iii) all-inorganic composition, (iv) no cracks and holes 
(for film thicknesses between 60 and 400 nm), (v) 3D pore connectivity, (vi) large pore volumes (up to 
55%) and accessible surface areas (up to 33.7 m2/g), and (vii) excellent mechanical properties (modulus 
between 25 and 43 GPa and hardness between 1.1 and 1.9 GPa). We further show how the choice of ligands 
of the nanocrystals can control the surface chemistry and the resulting catalytic activity of the material.  
Results and Discussion 
HfO2 nanorods of different aspect ratios (AR) were synthesized by heating a solution of hafnium chloride 
and hafnium isopropoxide in trioctylphosphine oxide (TOPO) to 340°C for different times (1 hr, 2hr, and 
4.5 hr).14 Ligand exchange was used to replace the original TOPO ligands with oleic acid (OA) ligands on 
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the nanorods’ surface (cf. Methods). Fig. 4-1A-C show Transmission Electron Microscope (TEM) 
micrographs of the OA-capped HfO2 nanorods with three different AR values along with histograms 
showing the respective diameter and length distributions. While the average diameter of the nanorods is 
similar at 2.4±0.5 nm, their average length is 6.1±0.3 nm, 12.2±0.5 nm, and 17.1±0.9 nm, with AR values 
of 2.7±0.3, 4.7±0.4, and 7.3±0.7, respectively (the error indicates the 95% confidence interval on the mean 
value).  For convenience we label the samples by using the handle “length-ligand-HfO2”, e.g., 12nm-OA-
HfO2 refers to the nanorods with an average length of 12.2 nm and capped with oleic acid.  
The nanorods are in the monoclinic phase of HfO2. Regardless of the AR value, the X-ray diffraction 
(XRD) patterns (Fig. 4-1D) show peaks (28.6°, 35.4°, and 50.4°) that are diagnostic of the monoclinic HfO2 
phase, with some evidence of small amounts of tetragonal phase. The (200) peaks of the monoclinic 
structure (35.4°) become narrower for longer nanorods consistently with a preferential growth of the 
nanocrystals along the [100] direction.14 
The monoclinic phase is thermodynamically stable at room temperature. However, below a critical size 
(4-10 nm suggested by some authors15), the tetragonal phase can be stabilized at room temperature due to 
its lower surface free energy.16 Therefore we presume that the tetragonal phase might originate from 
nanorods at the low end of the size distribution. 
Transmission FT-IR spectra collected before and after ligand exchange (Fig. 4-1E) indicate that most of 
the TOPO ligands were replaced by OA. The stretching vibration of P=O (1109 cm-1) decreases 
significantly after ligand exchange, while the peaks at 1406 and 1548 cm-1 (attributed to the symmetric and 
asymmetric stretching of COO-, respectively)17 appear. The relative intensity of the peaks suggests 
significant deprotonation of OA on the HfO2 surface.17-18 The broad absorption at 3400 cm-1 in the TOPO-
capped HfO2 nanorods indicates a significant amount of adsorbed water, consistent with prior findings.19 
The particles were then deposited by spincoating from dispersions in hexane (to produce disordered 
assemblies of ~200 nm in thickness)20 and then processed for 24 hr in an inductively coupled plasma (O2, 
500 mTorr, 30W).  
The plasma processing effectively removes the ligands from the films. The depth profiles of the atomic 
fractions in the films (plasma processed OA-HfO2) were reconstructed from Elastic Backscattering 
Spectrometry (EBS) and Elastic Recoil Detection (ERD) spectra.21 For all AR values, the atomic fraction 
of Hf atoms is constant throughout the film thickness (standard deviation is smaller than 1%), consistently 
with an absence of gradients of composition (Fig. 4-S1). For all values of AR, the carbon fraction 
(normalized to Hf) is close to 0.1 near the surface while it decreases to 0.01 inside the film, consistently 
with the successful removal of ligands by plasma19 followed by adventitious contamination after plasma 
processing (Fig. 4-2A).19, 22 Residual phosphorus was detected in all films.  
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Figure 4-1. Nanocrystals as building blocks. A-C, oleic acid capped HfO2 (OA-HfO2 for short) 
nanocrystals with different aspect ratios. D, XRD patterns of the three types of nanocrystals. E, FT-IR 
spectra of the three types of nanocrystals wherein ligand exchange was used to replace originally capped 
trioctylphosphine oxide (TOPO) with OA. 
 
While the plasma processing removes the organic fraction of the ligands, the surface chemistry of the 
ligand-free samples strongly depends on the original ligands. Diffuse Reflectance Infrared Fourier 
Transform Spectra (DRIFTS) collected under He flow show significant differences between plasma 
processed 12nm-OA-HfO2 and 14nm-TOPO-HfO2 (Fig. 4-2B). Specifically, OA samples show a 
carbonate-rich surface while TOPO samples show a phosphate-rich surface. Both types of samples show 
peaks corresponding to pyrophosphates (706 cm-1 and multiple peaks between 1000 and 1200 cm-1) 23-24 
and carbonates (the broad shoulder between 1350 and 1700 cm-1 indicative of multiple binding motifs, e.g., 
monodentate and bidentate),25 albeit carbonates are significantly more evident in the OA samples. The 
TOPO samples show a distinct feature at 1090 cm-1 that is consistent with phosphate groups. 
Pyrophosphates can form during the synthesis of oxide particles with TOPO and are very strongly bound 
to the oxide surface and resilient to ligand exchange.26 The carbonates likely originate from adsorption of 
CO and CO2 after processing.25 The phosphates result from oxidation of phosphine oxides in the TOPO 
samples during plasma processing (XPS characterization of the P 3/2 peak is consistent with this 
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explanation, cf. Fig. 4-S2).27 As the temperature increases, the broad peak at 3400 cm-1 associated with 
physisorbed water only partially decreases indicating the presence of a significant amount of strongly bound 
water, especially in OA-HfO2 films (Fig. 4-2C). EBS/ERD data is consistent with the presence of strongly 
bound water: the H/C and O/Hf ratios are inconsistent with adventitious carbon and HfO2,22 but are 
consistent with adsorbed water in the pores (~6% of the total film volume) (cf. Table S3).27  
 
Figure 4-2. Plasma processed OA-HfO2 thin films. A. Elemental depth profile of 12nm-OA-HfO2 after 
O2 plasma. 0 TFU corresponds to the film surface. The atomic fractions of all elements were normalized to 
Hf. B. Diffuse Reflectance Infrared Fourier Transform Spectra (DRIFTS) collected from 12nm-OA-HfO2 
and 14nm-TOPO-HfO2 samples (~10 mg) under He flow at 30°C and 300°C. The spectra were normalized 
to the Hf-O phonon vibration peak at 30°C for both samples respectively. The shaded areas indicate, from 
left to right, the peaks attributed to water, bicarbonate/carbonate, and phosphate/pyrophosphates, 
respectively. C. Relative water contents in OA- and TOPO-HfO2 films after O2 plasma calculated from 
DRIFTS spectra through area integration between 2600 and 3800 cm-1. D. SEM micrographs of as-prepared 
and after O2 plasma processed 12nm-OA-HfO2 thin films (from left to right: low and high magnification of 
the surface morphology, crossection of the film). E. GI-SAXS of 12nm-OA-HfO2 thin films for as-prepared 
and O2 plasma processed 12nm-OA-HfO2. 
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Scanning electron microscopy (SEM) characterization of the top surface and cross-section of 12nm-OA-
HfO2 thin films before and after 24 hr of plasma processing (Fig. 4-2D) show two key features: (i) the films 
shrunk significantly (by 54%) in thickness, but (ii) they did not crack in spite of this shrinkage.20 Samples 
calcined at 450 °C for 20 hr show cracks, holes and a shrinkage of only 27%, consistent with an  incomplete 
removal of the ligands (Fig. 4-S3).28-29   
The plasma processed films are highly porous. A representative TEM image of 17nm-OA-HfO2 after O2 
plasma (Fig. 4-3A) show pores of 2-3nm (dashed red circles). The total porosity after plasma processing 
(Fig. 4-3B) was measured by ellipsometry (black triangles), EBS/ERD (red circles), and X-ray 
reflectometry (XRR, blue squares). While similarly processed films from spherical nanoparticles (~3nm) 
had a porosity consistent with a random close-packed array of spheres (~32%),27, 34 the porosity of the 
nanorod films according to both EBS/ERD and XRR was >50% for all AR values. This porosity is close to 
the reported porosities of nanocrystal assembled films using templates (~60%)6, 35 and much higher than 
that of non-templated assemblies (~28%).6, 35  Ellipsometry yielded lower values, plausibly due to the 
presence of adventitious water which was not accounted for in the simulation: the difference between the 
porosities estimated from ellipsometry and EBS/ERD/XRR is consistent with the volume fraction of H2O 
(~6%) (cf. Table S1).  
We used Effective Medium Approximation (EMA) based on Volume Averaging Theory (VAT) to model 
the porosity of the HfO2 thin films from Ellipsometry (cf. Method). Porosities from EMA models can be 
significantly affected by the inhomogeneities (e.g., pore shape, size, and spatial distribution) that scatter 
and interfere with the electromagnetic waves for nanoporous films when the film thickness is below a 
critical value.37 In our several trials, we found VAT gave the closest porosities to the ones from IBA and 
XRR.  
XRR measures the overall electron density of the film (the solid body, air and water) at the reflection 
critical angle and the changes in the critical angle are directly related to the mass density uptake.38-39 Hence, 
it is less sensitive to the presence of water/ice (their density is only about 1/10 of HfO2) and the change of 
optical properties of the film induced by quantum confinement in the additivity of polarizability. Indeed, 
XRR gave porosities closest to the simulation values than the other two overall. 
These values of porosity are consistent with simulations of random packing of spherocylinders using a 
mechanical contact method that show that AR>2 leads to higher porosities than random close packings of 
spheres (cf. Fig. 4-3B, purple stars).36 It is worth noting that previous works, both theoretical and 
experimental, showed the wide range of porosity that can be obtained by solely tuning the AR of the 
building blocks, highlighting the potential of using AR to tune the porosity over a wide range.  
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Figure 4-3. The pore structure of the OA-HfO2 thin film after O2 plasma. A. TEM micrograph of the 
17nm-OA-HfO2 thin films. B. the porosity of OA-HfO2 thin films obtained from Ellipsometry, Elastic 
Backscattering Spectrometry (EBS) and Elastic Recoil Detection (ERD) spectra, and X-ray Reflectometry 
(XRR). The simulation result is adapted from Ref. 36. The porosity of the spherical nanoparticles is adapted 
from our previous work.19 C. adsorption/desorption hysteresis using toluene as probing molecules measured 
from Ellipsometric Porosimetry (EP) in an Environmental Cell. The empty and solid scatters indicate the 
first and second cycle, respectively. 
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Accessible porosity was characterized by Ellipsometric Porosimetry (EP), using toluene as an 
adsorbate.40 The adsorption/desorption isotherms from the three different aspect ratios (Fig. 4-3C) show 
hystereses of type H2(a), which are unique to mesopores.41 The steep desorption branch indicates pore-
blocking/percolation or cavitation-induced evaporation due to necks in the pore network.41 The steep 
desorption branches occur at similar values of relative pressure, indicating that the size of the necks is 
similar for all ARs. On the other hand, the saturation point of adsorbate uptake scales strongly with the 
aspect ratio (13.3% for 6nm-HfO2, 19.5% for 12nm-HfO2, and 21.5% for 17nm-HfO2), but are smaller than 
the total porosities. The accessible porosity of 17nm-HfO2 is close to the reported accessible porosities of 
nanocrystal assembled films using templates (20-26% porosities with average pore sizes of 9-17nm)9, 42 and 
higher than the accessible porosity of films made of nanocrystals with similar AR (AR=7, porosity=15%).12 
The difference between total and accessible porosity is consistent with (i) the use of a relatively large 
molecule like toluene as an adsorbate, and (ii) physisorbed water and other adventitious contaminants in 
the pores (consistently with EBS/ERD analysis). The large dependence of accessible porosity on AR 
indicates that, while the size of the necks is similar across all ARs, the average size of the pores increases 
with AR. 
The absorption/desorption isotherms are frequently used to calculate pore size distribution using BJH 
model, which assumes cylindrical pores.43-44 The pores in our materials are irregular, so we could only 
estimate the size of the necks from the steep region of the desorption branch. Two parts compose the pore 
diameter: the meniscus diameter, rk, calculated from Kelvin equation and the thickness of the adsorbed film, 
t, calculated from BET model (cf. Fig. 4-S5 & Table S5).45 The resulting pore diameter is 2.7 ± 0.2 nm for 
all 3 samples, consistently with the pore sizes observed by TEM.  
We estimated the accessible surface area from the isotherms.41, 46 The non-zero solvent volumes at the 
starting pressure of the second cycles suggest that some porosity is irreversibly filled during the first cycle. 
Therefore, we used the first desorption branch to estimate the specific surface area, which scales with the 
AR: 91.3 m2/cm3 or 16.8 m2/g for 6nm-HfO2; 126.1 m2/cm3 or 25.5 m2/g for 12nm-HfO2; 141.9 m2/cm3 or 
33.7 m2/g for 17nm-HfO2. These accessible surface areas are comparable to those measured by N2 
adsorption in the ordered mesoporous materials prepared from colloidal Pt nanocrystals through 
calcination.9  
Controlling pore surface composition is important for applications in catalysis, drug delivery, and 
sensing.47 Tuning surface affinity is usually achieved by postsynthetic functionalization (grafting) methods. 
However, grafting methods usually have the issue of non-unifomity of functional groups due to different 
accessibilities of the pore surfaces (e.g., the sites close to pore entrances are more accessible), incomplete 
wetting of the medium with the pore walls, pore necks that block the grafting reagent, and condensation of 
water that causes the clustering of the grafting molecules.48 Co-condensation of precursors bearing the 
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functional group with the components for making the mesoporous framework can typically have 
homogeneous functional group distribution, but it will alter the co-assembly process and affect the resulted 
pore structure.  
 
 
Figure 4-4. Surface functionality of the HfO2 thin film after O2 plasma A. schemes showing the 
TOPO/OA binding motifs to the surface of HfO2 nanorods and the surface functional groups left behind 
after O2 plasma. The cyan region indicates adsorbed water. B. Benzaldehyde acetalization catalyzed by 
HfO2 prepared from different capping ligands.  
 
Plasma processed TOPO-HfO2 and OA-HfO2 samples have significantly different surface chemistry 
(Fig. 4-4A). We tested the effect of these differences on the catalysis of the acetalization of benzaldehyde. 
The 14nm-TOPO-HfO2 sample showed high conversion in 2 hr, while it took 21 hr for 12nm-OA-HfO2 
sample to achieve similar conversion (Fig. 4-4B). The slower conversion rate on OA-HfO2 samples may 
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be due to their larger amount of adsorbed water (cf. Fig. 4-2C), which is one of the products for 
benzaldehyde acetalization and could also slow down the diffusion of the reactants to the surface. 
Furthermore, oxyacid species such as phosphinic and phosphonic acid species are expected to form on the 
surface of TOPO-HfO2 nanoparticles during the synthesis26 and could contribute to catalysis of the 
acetalization reaction. These species are relatively labile and could be removed upon ligand exchange with 
oleic acid.  
Conclusions 
In conclusion, we have shown that plasma processing of anisotropic colloidal nanoparticles allow for 
the formation in two steps of inorganic mesoporous films with high porosities, where the accessible surface 
area is controlled by the aspect ratio of the nanoparticles. The surface chemistry of the pores can be 
controlled by the ligands, leading to significant differences in their catalytic properties. 
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Supporting Figures and Tables 
 
Figure 4-S1. Atomic fraction of all elements presence in the film after O2 plasma. A. 6nm-OA-HfO2. 
B. 12nm-OA-HfO2. C. 17nm-OA-HfO2.  
 
 
 
 
 
 
Figure 4-S2 X-ray Photoelectron Spectroscopy (XPS) showing the shift of P 3/2 peak to higher 
binding energy after O2 plasma from the 14nm-TOPO-HfO2 thin films. 
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Table S3. Elemental profiles of HfO2 films after O2 plasma and the calculation of porosity using 
Elastic Backscattering Spectroscopy (EBS) and Elastic Revoil Detection (ERD). 
element unit 6nm 12nm 17nm 
H moles/cm3 0.0106 0.0089 0.0085 
C moles/cm3 0.0019 0.0022 0.0036 
O moles/cm3 0.0573 0.0533 0.0453 
P moles/cm3 0.0039 0.0025 0.0026 
Cl moles/cm3 0.0025 0.0016 0.0021 
Hf moles/cm3 0.0174 0.0202 0.0184 
H/C 5.67 4.02 2.40 
O/Hf  3.29 2.64 2.47 
molecules  [HfO2] moles/cm3 0.0174 0.0202 0.0184 
[P2O7H2] moles/cm3 0.0019 0.0012 0.0013 
[Cl] moles/cm3 0.0025 0.0016 0.0021 
[CO3] moles/cm3 0.0019 0.0022 0.0036 
[H2O] moles/cm3 0.0034 0.0032 0.0030 
[O] unassigned/[O] 0.0789 -0.0213 -0.2160 
volume fractions (vf)     
vf_HfO2 cm3/cm3 0.3624 0.4203 0.3825 
vf_pyrophosphate cm3/cm3 0.0220 0.0140 0.0148 
vf_chloride cm3/cm3 0.0371 0.0236 0.0313 
vf_carbonate cm3/cm3 0.0042 0.0049 0.0080 
vf_Solid cm3/cm3 0.4257 0.4628 0.4366 
pore fraction (no water) cm3/cm3 0.5743 0.5372 0.5634 
vf_H2O cm3/cm3 0.0606 0.0575 0.0535 
Notes: The volume fraction of pyrophosphate, chlorine, carbonate is based on the sum of the ionic radius 
of each atom.  
The steps to calculate the porosity using the EBS/ERD method can be briefly described as follows: 1. 
the molar concentrations of each elements are calculated based on the total film thickness (from SEM) and 
TFUs; 2. calculate the molar concentration of all possible components based on some approximations (such 
as assuming all Hf belongs to HfO2, all P belongs to pyrophosphate, and so on); 3. use either bulk density 
or ionic radii to convert molar concentration of each component to their volume fractions; 4. the porosity 
is then what left of the volume fraction (i.e., porosity = 1 - volume fractions of all solid components). 
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Figure 4-S3. SEM micrographs of air calcined 12nm-OA-HfO2 thin films after 20 hrs at 450 °C. A. 
low magnification of the top surface. B. high magnification of the top surface. C. Cross-section of the film 
after cracking the film from the middle (the silicon substrate is on the left). The dark region of the film 
compared with plasma processed sample is a sign of incomplete carbon removal. the calcined sample show 
many cracks and holes (“processing flaws”) as commonly encountered in constrained sintering of films.28  
 
 
Figure 4-S4. Loading-unloading curves of the 3 types of films with replicates using Nanoindentation 
method. 
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Table S4 Summary of the mechanical properties of the films after O2 plamsa 
Sample Hardness (GPa) Film Modulus (GPa) 
  Average Std. Deviation Average Std. Deviation 
6nm-OA-HfO2 1.128 0.056 25.452 1.345 
12nm-OA-HfO2 1.184 0.043 29.509 2.076 
17nm-OA-HfO2 1.904 0.118 43.588 3.415 
 
 
Figure 4-S5 Accessible surfaces and pore necks. A. Scheme showing the meniscus at pore necks where 
r1 and r2 are the two principle radii of the meniscus, and bridging effect where the adsorbed water is trapped 
at the cavities between two contacted nanorods. B. Desorption branch of first cycle for 3 types of thin films. 
The R2 values for the linear fitting are 0.9982 for 6nm-HfO2, 0.9998 for 12nm-HfO2, and 0.9950 for 17 nm-
HfO2. The relative pressure range for the sharp drop in solvent volume is indicated by grey square. 
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Table S5 Calculation of accessible surface area and pore neck diameter  
 Accessible 
specific surface 
area at point B  
Maximum 
theoretical 
specific surface 
area 
Meniscus 
diameter for 
pore neck  
Absorbed 
film 
thickness at 
pore neck 
pore neck 
diameter 
m2/cm3 m2/g m2/cm3 m2/g nm nm nm 
6nm-HfO2 91.3 16.8 1097.0 206.0 2.589±0.182 0.060±0.002 2.709±0.185 
12nm-
HfO2 126.1 25.5 1006.8 189.1 2.589±0.182 0.060±0.002 2.709±0.185 
17nm-
HfO2 141.9 33.7 981.0 184.3 2.589±0.182 0.060±0.002 2.709±0.185 
Parameters: molar volume of toluene: 106.3 cm3/mol; area of a toluene molecule when lying flat: 0.61 
nm2 and the thickness of 1 monolayer of toluene: 0.073 nm;49 density of HfO2: 9.68 g/cm3; porosity of HfO2 
for all cases assume to be 55%; contact angle of toluene is 0°.  
In the above calculation, we assumed that the adsorbate in confined environmnets retains its bulk 
properties (e.g., plarizability, density, and surface tension) and will introduce error.50-52 Two assumptions 
were used: (i) the two principal radii of curvature of the meniscus are the same to simply the calculation; 
(ii) the contact angle of toluene on HfO2 is 0°, which is invariably assumed for mesopores.44  
Materials and Methods 
Nanocrystal synthesis 
HfO2 nanorods were synthesized using a “heating-up” approach with some modifications. In a typical 
synthesis, 40 g of trioctylphosphine oxide (TOPO, 90% purity from Strem Chemicals) was added in a 250 
mL flask with a glass stirrer. The TOPO was liquefied by heating it to 80 oC with stirring. Then, 9.2 mmol 
(3.84 g) hafnium (IV) isopropoxide propanol and 8 mmol (2.56 g) hafnium (IV) chloride were added into 
the flask. Both the precursors are from Sigma Aldrich. Three times of vacuum and argon degassing cycle 
at 100 oC were used to remove air and the solution was then left under argon blanket. Heat the solution to 
320 oC (heating takes approximately 40 mins, and solution turns cloudy yellow) and hold there for different 
time while continuing stirring. The solution turn to grey then shift towards blue-green. For 6 nm long HfO2 
nanorod, the holding time is 1 hr. For 14 nm long HfO2 nanorod, the holding time is 2 hrs. For 17 nm long 
HfO2 nanorod, same amount of precursors were injected into the solution every 15 mins after holded for 2 
hrs. After completion, remove the heating mantle while maintain stirring to lower the temperature of the 
reaction product to 100-80 oC (takes ~15 mins) and then pour the product in 40 mL of room temperature 
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toluene. The final volume of the reaction product is 80 mL, and the color turns to a bright blue or green, 
depending on the impurities present, such as chlorides. The reaction is scalable as long as the ratio 2mmol 
HfCl4 : 2.3 mmol Hf-alkoxide : 10 g TOPO is maintained.  
Ligand exchange 
To get 12 nm long, oleic acid capped HfO2 nanorod, add 4 mL HfO2 dispersion (concentration: ~30 
mg/ml; solvent: hexane) and 20 mL oleic acid into a 3-neck flask. Heat to ~100 oC and run vacuum for 30 
mins till no bubble bursting. If the valve is completely opened then it will create vigorous bubbling which 
will then rise to the upper part of the condenser along with the mixture solution. Do vacuum and argon 
cycle 3 times using schlenk line. heat the solution mixture to 300 oC and hold there for 1hr. Heating is under 
argon blanket. Cool down to 60 oC. Then perform the cleaning procedure (3 times = 1 time precipitation + 
2 times washing).  
To get 6 nm and 17 nm long, oleic acid capped HfO2 nanorod, mix 5 ml HfO2 dispersion (concentration: 
~30 mg/ml; solvent: hexane) with 10 mL oleic acid. Put it on a hot plate at 90 oC. hold and stir it for 2 hrs. 
Then perform the cleaning procedure (3 times = 1 time precipitation + 2 times washing). 
Cleaning of nanocrystals 
The final solution was divided into 50 mL centrifuge tubes and centrifuge at 3000 rpm for 3 minutes. 
Keep the supernatant which is clearer than before and discard the precipitate. 20 mL of acetone were added 
for each 10 mL of the reaction product. Centrifuge at 1500 rpm for 1 min. This time, discard the supernatant 
and keep the precipitate in the same tube. Re-disperse this partially dried precipitate by adding 5 mL hexane. 
Add 10 mL acetone to the solution and centrifuge again at 1500 rpm for 1 min. Repeat this step for totally 
5 times. Centrifuge these two tubes at 4000 rpm for 5 mins. This step removes any remaining unreacted 
materials and leaves an extremely clear supernatant. The final step is to filter the cleaned product through 
a 0.2 µm nylon filter to remove any aggregate bigger than 200 nm.  
Plasma processing 
Plasma processing was performed in a Harrick’s plasma etcher (PDC-001) at a plasma power of 30 W 
(high power) and pressure of 500 mTorr. The feed gas used was ultrahigh purity oxygen (Airgas). All 
samples were processed for totally 24 hrs. For each 30 mins during the plasma processing, the pressure was 
reduced to 100 mTorr and then brought back to 500 mTorr. For each time of processing, 4 samples were 
loaded.  
Catalysis reaction 
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In a typical acetalization reaction, 5 mg of HfO2 was dispersed in 1 mL of cyclohexane in a pyrex vial 
by sonication. 10 µL of mesitylene was added into the suspension as internal standard. Benzaldehyde (0.1 
mmol), and ethylene glycol (18 mmol) was added into the vial, and the suspension was magnetically stirred 
at 400 rpm at 40 °C for desired amount of time. An aliquot was removed from the suspension, and the 
supernatant was isolated by centrifugation. The solution was analyzed using gas chromatograph equipped 
with an HP-5 capillary column (30 m x 0.32 mm x 0.25 µm), a flame ionization detector. The commercial 
HfO2 sample is purchased from Sigma-Aldrich (powder, 98%, CAS number 12055-23-1).  
X-ray Diffraction (XRD) 
Powder X-ray diffraction (XRD) was performed with Siemens D500 X-ray diffractometer at Materials 
Analysis and Research Laboratory (MARL) at Iowa State University. The diffraction pattern of as-
synthesized HfO2 nanorods was collected from drop casted film on a zero diffraction plate, whereas, pattern 
from plasma processed sample was collected from nanorods spin-coated on silicon substrate. XRD patterns 
were collected in 2θ range 20-80° by using 0.15DS, 0.03° steps, and 20s integration. 
Fourier-Transform Infrared Spectroscopy (FT-IR) 
FT-IR measurements were conducted using a Fourier transform infrared spectrometer (Bruker Tensor 
37) with a maximum resolution of 0.5 cm-1. For each sample, one drop of the solution was deposited on a 
polished salt plate using pipettes. The plate was quickly rotated to spread out the solution till fully dry. The 
plate was then mounted on a holder and placed in the FT-IR chamber. The data was collected using a 
transmission mode 3 mins after closing the chamber to allow N2 gas to flush out CO2. 
Diffuse Reflectance Infrared Fourier Transform Spectra (DRIFTS) 
The samples ware prepared by spin-coating the nanoparticle dispersion on NaCl plates and then collected 
by dissolving the salt in methanol and with thorough washing. The surface composition on the HfO2 
nanorods was determined by the diffuse reflectance infrared fourier transform spectroscopy (DRIFTS) 
using a Agilent Cary 670 FTIR equipped with a linearized Mercury-Cadmium-Telluride (MCT) detector, a 
Harrick diffuse reflectance accessory, and a Praying Mantis high-temperature reaction chamber. About 20 
mg of powder sample is lightly packed into the IR cell with KBr windows. The sample was heated up to 
573 K under dynamic He flow (40 mL/min) to remove adsorbed molecules from the samples. The spectra 
of the sample was obtained under He atmosphere in the range of 700 – 4000 cm-1 to monitor the desorption 
of surface species. 
Ion Beam Analysis (IBA) 
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All ion beam analysis measurements were carried out at the Michigan Ion Beam Laboratory 53 at the 
University of Michigan with the 1.7 MV Tandetron accelerator. The elemental analysis of the samples 
throughout the film depth was determined by combining Elastic Backscattering Spectrometry (EBS) and 
Elastic Recoil Detection (ERD) using a helium beam.  
The EBS and ERD spectra were taken simultaneously at two different energies for each sample. A 3040-
keV He++ beam was used for sensitivity to the oxygen signal through the EBS resonance at 3038.1 keV.54 
Similarly, a 4290-keV He++ beam was used for sensitivity to the carbon signal through the EBS resonance 
at 4265 keV.55  
The samples were mounted on a sample plate on the 5-axis goniometer of the 2 MV Tandem accelerator. 
The scattering angle of the EBS detector was 170° and of the ERD detector 30°. For each measurement the 
beam incident angle was 70°. The filter in front of the ERD detector was a 24 µm thick foil of Kapton 
(C22H10O5N2; density of 1.42 g/cm³). The beam current on the samples during these measurements was ~20 
nA with a beam spot of 1.5 mm by 1.5 mm. 
The spectra evaluation followed a self-consistent approach enabled by MultiSIMNRA21 that uses 
SIMNRA56 code as engine to calculate the simulated spectra. The MultiSIMNRA code enables the 
combination of multiple spectra by the optimization of an objective function calculated for all spectra. The 
final depth profile emerges from the optimization algorithm as the model that best describes all 
experimental data simultaneously. The main advantage of the self-consistent approach is that the 
information contained in one spectra plays as boundary condition during the optimization of all the others. 
All simulations used the SRIM stopping power57 for energy loss calculations and SigmaCalc58 scattering 
cross-sections of Helium in Oxygen and Carbon. For some reason that stays unclear, a better agreement to 
the experimental data was obtained using the scattering cross-section of Helium on Silicon provided in59 
rather than by SigmaCalc. Andersen screening function to Rutherford cross-sections60 and the empirical 
model by Yang for the energy loss straggling calculations61 were adopted. The geometrical straggling was 
taken into account for all simulations, and for the ERD simulations the multiple scattering was also 
calculated. 
Scanning Electron Microscopy (SEM) 
Surface morphology of the HfO2 films were characterized by SEM (FEI Quanta 250 FE-SEM) at 
Materials Analysis and Research Lab (MARL) at Iowa State University. Samples were sputter coated with 
5 nm iridium before imaging. The SEM instrument was operated under high vacuum at 8 kV or 10 kV. Low 
voltage was sometimes used to avoid surface charging. Scan speed was set at 3 μs or below. Secondary 
electron (SE) mode was used to characterize surface morphology. Backscattering electron (BE) mode was 
used to image the cross-section of the films. 
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Scanning/Transimission Electron Microscopy (STEM or TEM) 
TEM and high resolution TEM images were obtained using 2007 JEOL 2100 200kV STEM in TEM 
mode, operating at 200 kV. This STEM is located at Microscopy and NanoImaging facility, Iowa State 
University and equipped with a Thermo Fisher Noran System 6 X-ray microanalysis system. Samples for 
TEM analysis were prepared by evaporating drops of dilute nanocrystals dispersion at room temperature, 
on a carbon-coated copper grid.  
For pore imaging, the samples were prepared by scraping off the thin films from Si substrates, smashed, 
and left in hexane after sonication. 
Grazing-Incidence Small Angle X-ray Scattering (GI-SAXS) 
2D GI-SAXS measurements were performed on Xenocs Xeuss 2.0 beamline which is equipped with 
single reflection optics, scatterless slits, and Pilatus3 and Eiger detectors. The X-ray source for this 
measurement is Cu Kα with wavelength of 0.154 nm under 50 keV. Film substrate is Si water <100>. 20 
mins were applied for data collection under high resolution mode and vacuum environment. The data were 
processed and analyzed with build-in software Foxtrot. The instrument is located at basement in Sweeney 
Hall, Iowa State University. 
Nanoindentation 
All nanoindentation testing was done with a Keysight G200 Nanoindenter, configured with the 
continuous-stiffness-measurement (CSM) option, a DCM II head, and a Berkovich indenter. The CSM 
option superimposes an oscillation (75Hz, 1nm) on the semistatic loading profile, so that every indentation 
test returns a complete depth profile of Young’s modulus and hardness. Ten indentation tests were 
performed on each sample. Loading was controlled such that the loading rate divided by the load (Ṗ/P) 
remained constant at 0.1/sec; loading was terminated when the indenter reached a penetration depth of 125 
nm. Upon completion of testing, the depth profile of Young’s modulus was corrected for the influence of 
the silicon substrate in accordance with the Hay-Crawford model.30 From the depth profiles of corrected 
Young’s modulus and hardness, scalar values were reported using measurements made when the indenter 
penetration was 20% of the film thickness. 
Ellipsometry 
The optical properties of nanoporous hafnia films were determined using spectroscopic ellipsometry. 
Spectra were obtained at three angles of incidence (65°, 70° and 75°) using a VASE ellipsometer (J. A. 
Woollam) that had a spectral range between 200 nm and 1600 nm. The experimental spectra were fitted 
using a three-layer model, consisting of Si-substrate, native oxide and nanocrystal film. In order to obtain 
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the porosity of the nanocrystal film, an effective medium approximation based on volume averaging theory 
was used to represent the film as a composite material with two constituents (i.e., hafnia and air)62. The best 
fits were obtained when a thickness non-uniformity of around 5% was included for the nanocrystal film. 
X-ray Refectometory:  
X-ray reflectivity measurements were performed using a high-resolution Rigaku Smartlab X-ray 
diffractometer with a Cu-Kα source. The incident and reflected beams were collimated with slits of 0.05 
mm. Before obtaining the specular scans, a fairly rigorous alignment process was employed which was 
controlled by a computer algorithm. This was accomplished by repeatedly adjusting the vertical position of 
the sample and the angle of incidence to determine the center of the X-ray beam and the position of the 
sample at which only half of the X-ray beam is detected. The intensity profiles of the measured x-ray 
reflectivity scans were subsequently analyzed using a simulation software.38 
Ellipsometric Porosimetry for Absorption/desorption measurement 
The Environment Cell stage was made by J.A. Woollam Co.. It uses high precision mass flow controllers 
from Bronkhorst to provide a dynamic solvent partial pressure environment. The relative pressure is 
adjusted by atomizing a solvent into the Cell with a carrier gas of constant flow. P0 is the saturation vapor 
pressure of toluene at room temperature and the pressure control resolution is limited to increments of 0.02. 
In situ ellipsometry is used to determine the amount of adsorptive based on the relative changes in refractive 
index.40 The nominal angle of incidence for operation with this cell is 70°. 
The samples were baked at 170°C for 10 mins before measurement. The absorption/desorption isotherm 
was obtained using toluene as adsorbate in a customized Environmental Cell.40 The solvent was atomized 
into the Cell with a carrier gas of constant flow in different amounts to control the partial pressure. P0 is the 
saturation vapor pressure of toluene at room temperature and the pressure control resolution is limited to 
increments of 0.02. The effective refractive index, ne, of the film (either empty, or partially filled with 
solvent) was measured directly without having to resort to EMA models and the percentage of solvent 
volume was calculated using the following equation: ܸ ൌ ቀ௡೐మିଵ௡೐మାଶ െ
௡೐బమିଵ
௡೐బమାଶቁ
௡ೞమିଵ
௡ೞమାଶൗ  , where ns is the 
refractive index of solvent and ne0 the effective refractive index of the film when the pore is empty. 
X-ray Photoelectron Spectroscopy (XPS)  
The XPS measurements were performed using a Kratos Amicus/ESCA 3400 instrument. The sample 
was irradiated with 240W unmonochromated Mg Kα x-rays, and photoelectrons emitted at 0° from the 
surface normal were energy analyzed using a DuPont type analyzer. The pass energy was set at 150 eV and 
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a Shirley baseline was removed from all reported spectra. CasaXPS was used to process raw data files. All 
spectra were energy calibrated with measured C 1s peak position at 284.6 eV. 
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CHAPTER 5 CONCLUSIONS 
 
High-performance textured coatings are increasingly a part of practical applications. For these coatings 
to be applicable in technology, a large number of performance metrics must be met simultaneously. These 
metrics range from pure performance metrics that characterize the function of the coating, to metrics 
associated with their reliability, robustness, cost, etc… The development of solutions that fulfill these 
requirements is challenging and, when these solutions exist, they are usually complex. Our perspective 
about the design, development, and testing of simple solutions was introduced in Chapter 1 to provide the 
general rules that guided us to develop, in this case, simple solutions for the fabrication of highly functional 
textured coatings. Specifically, in this thesis, I studied two classes of textured coatings with the objective 
of designing fabrication methods for each of them that fulfill the criteria of simple solutions.  
Superhydrophobic Coatings. The first class of coatings we studied were superhydrophobic coatings 
with hierarchical textures. We developed an approach based on the deposition in situ of particles generated 
by flame-induced thermal decomposition of silicones. These coatings can be used for applications ranging 
from pedestrian lanes for de-icing to power plants for enhanced heat transfer.  
Scalability and Low cost. Flames are scalable tools for the local generation of high temperatures. They 
can operate in ambient conditions. Silicones are cheap, commercially available, and environmentally 
friendly. Reliability and predictability. The use of a class of polymers (silicones) that have been specifically 
developed for long-term outdoor use allows our technology to inherit a number of properties (e.g., UV-
resistance, acid resistance, moisture resistance, contamination resistance, low environmental impact and 
relatively low cost) that are necessary for large scale outdoor deployment. High performance. The wear 
resistance of these coatings (a traditionally challenging issue for superhydrophobic surfaces) was improved 
by leveraging the hierarchical structure created by the thermal degradation, which consisted of a particle-
based porous layer on top of a dense silicone layer populated by large cavities. Using wear to expose those 
cavities created a macroscopically textured surface that, upon additional flame treatment lead to a 
hierarchical texture. This hierarchical surface could tolerate being walked on 1000 times without significant 
harm to their superhydrophobicity. The added step is compatible with the outdoor deployment and will not 
significantly complicate the approach. Hackability. Silicones can be easily modified and can be bought with 
a variety of properties which allowed us to quickly optimize the solution to drastically improve 
performance: silicones are the basis of outdoor sealants, specifically designed to adhere to a wide variety 
of surfaces in outdoor conditions. The hackability of the system – specifically the ease of functionalization 
of silicones with functional silanes – allowed us to convert the highly textured surface into a Slippery Liquid 
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Infused Porous Surface (SLIPS), yielding an oleophobic, almost transparent coating, that is impervious to 
the pinning of water droplets due to irreversible transitions to Wenzel states. 
By using a flame jet impingement configuration, I tested the surface wettability for a range of processing 
conditions (flame temperatures from 750 °C to 2450 °C and processing speeds from 0.02 m/s to 0.4 m/s), 
with the intent to assess the operational window of this approach and determine it maximum throughput. 
Surprisingly, the process showed a relatively wide operational window which explains the observed 
robustness of the approach. This operational window makes the approach promising for automated 
fabrication of superhydrophobic coatings which requires a certain degree of tolerance toward disturbances 
during processing. The robustness of our process was found to be largely associated with self-limiting 
aspects of the surface texturing. 
Mesoporous Coatings. The second case is mesoporous coatings prepared by spin coating dispersions 
of colloidal nanocrystals followed by room temperature O2 plasma processing. The method can be used to 
produce crack-free thin film catalysts with tunable porosity and surface functionality and mechanical 
properties compatible with planarization for device integration. 
Low cost. Colloidal nanocrystals can be synthesized in large scales at relatively low temperatures (<350 
°C). The deposition of the particles can be performed by spin-coating from solution, and does not require 
vacuum. The removal of the organic ligands that coordinate the surface of the nanocrystals was performed 
by O2 plasma etching, which is scalable, low temperature process. Reliability and predictability. The porous 
structure is determined by the geometry (e.g., size, aspect ratio) of the nanocrystal building blocks and the 
interactions between the capping ligands and the solvent. These parameters are more robustly controlled 
than the self-assembly characteristics of many macromolecular templates (such as block-copolymers). The 
absence of template reduced the number of control element in the assembly process. Etching proceeds in 
two stages - the ligands located in the interstices are etched first, while the ligands directly between the 
particles are polymerized into a covalent network. This stage creates an increasingly porous structure that 
further facilitates etching and prevents the formation of inaccessible pores. The ability of producing 
materials without exposing them to high temperature enables predictable control over the size of the grains. 
The surface composition of pore walls can be predicted by the chemical reactions between plasma species 
and the organic ligands, therefore allowing the control of surface chemistry by the appropriate choice of 
ligand composition and plasma feed gas. High performance. The porosity matches the simulated results 
using mechanical contraction method. The atomic content of carbon in the processed films can be as low 
as 1.2% and the film can be as thick as 400 nm.  Cracking can be entirely avoided by using disordered 
arrays. Consolidation of the nanocrystals in the absence of template results in excellent mechanical 
properties. Stackability and Hackability. The simplicity of the approach allows to create a mixture of phases 
by mixing dispersions of nanocrystals of different phases, thereby providing opportunities for the design of 
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supercapacitors, batteries, solar cells, and more. The complete choice of starting building block – whether 
by composition or size (shape control is constrained by the need of anisotropy to create large porosities) – 
and the potential generality of the approach (it should not depend on what exact composition is used in the 
building blocks) mean that many different nanostructured mesoporous coatings can be produced by this 
approach.  
In summary, I demonstrated and discussed the simple approaches to the preparation of textured and 
porous coatings at two different length scales. They both meet the criteria of a simple solution and their 
ease of fabrication, green processing procedures, flexibility in the control of their properties, and high-
performance will make them attractive for many practical applications in their own fields. 
 
 
 
 
 
 
 
